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PREFACE TO SECOND EDITION 


In preparing this second edition tlie authors have taken the oppor¬ 
tunity to expand the section on Negative Feedback in Chapter VII 
and on microphones in Chapter X. With regard to the latter, 
S. W. A. would like to thank his employers, the British Broadcasting 
Corporation, for permission to use information about microphones, 
which he gained in carrying out his duties as an instructor in the 
Engineering Training School. Thanks are also due to Mr. A. Parsons 
of the Overseas Engineering Information Department of the B.B.C. 
for checking the technical accuracy of Chapter V and to Dr. N. W. 
McLachlan for considerable help with the theory of tlie Moving-Coil 
Loudspeaker. 

The section on leaky grid detectors has also been expanded : 
much of the additional material used here has been previously 
published in Electronic Engineering for August and September, 1944 , 
under the title “ The Mechanism of Leaky Grid Detection ” 

The authors wish to thank those readers who have written to 
point out errors in the first edition : to the best of their knowledge 
these have all been corrected in this new edition, but they would 
appreciate notification of any error that may still be undetected. 

S. W. AMOS. 

F. W. KELLAWAY. 
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PREFACE TO FIRST EDITION 


This book is intended to provide a bridge joining pure science and 
applied radio. Too often these subjects appear to have been 
treated separately, some books considering the theory of the 
subject but giving no real indication of its practical scope, while 
others deal practically with applications of radio but shun theory 
as a plague. * 

It is our belief therefore that no work of the type and standard 
we have planned is accessible to the serious student. Since the 
book is not designed for the beginner we have been able to assume 
some elementary knowledge of radio, electricity and mathematics 
as being possessed by the reader. With this as basis we have 
attempted to build, in coherent and orderly fashion, an account 
which leads up to the most advanced work. 

The bibliographies which close various chapters are to be con¬ 
sidered merely as a guide to, rather than a comprehensive set of, 
references. The latter would demand a list of almost all the worth¬ 
while writings on the subject. 

Whilst joint partnership in the work is claimed by the authors, 
it should be pointed out that one of us (S. W. A.) is responsible 
for the radio engineering, the mathematical knowledge being 
supplied by the other (F. W. K.). 

It is inevitable that our chapters contain some standard book- 
work that is available in other volumes. We hope, however, that 
this is the first time that it has been collected in the present form 
and we trust that the whole will help to fill the gap deplored above. 

S. W. AMOS. 

F. W. KELLAWAY. 
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CHAPTER 1 


INTRODUCTION TO THE SUBJECT 

Nature of Wireless Waves—Spectrum of Electromagnetic Vibrations 
—Physiological Aspects of Soimd—Decibel and Plion—Scale Dis¬ 
tortion—Amplitude Modulation—Frequency Modulation—Trans¬ 
mitters and Receiv'ers—Television—Bibliography 

The Nature of Wireless Waves. Clerk Maxwell’s electro¬ 
magnetic theory postulated that if at any point there occurred 
a change in electric force, then a change also occurred in magnetic 
force, and the point became the source of a wave motion. Electro¬ 
magnetic waves and light waves have been shown to differ only 
in frequency, and both travel through space at the rate of S x 10^*^ 
centimetres, which is equivalent to 186,000 miles per second. 


V- 



Fio* 1.—Diagrammatic Representation of the Propagation of an 

Electromagnetic Wave. 

Tho vortical arrows are lines of electric intensity and 
the horizontal ones are magnetic linos of force, 

Electromagnetic vibrations consist of variations in intensity of 
two fields of force, one electrostatic in nature and the other electro¬ 
magnetic, which are polarized in planes at riglit angles to each 
other and to the direction of propagation. This is illustrated in 
Fig. 1, in which the vertical aiTOws represent the lines of force 
of the electric field, the horizontal arrows those of the magnetic 
field. An attempt has been made in this figure to illustrate a 
sinusoidal distribution of field strength of each component in space, 

R.R.T. 1 B 
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at a particular instant of time. It is, in fact, a snapshot of a portion 
of a wavctrain. The two forces are always in phase. If we con¬ 
sider a wave j)assing over a particular point in space, the variations 



in their values —whicli ai'c sinusoidal with time—may be conveni¬ 
ently reiuesented as in Fig. 2. The line OA rotates about O in an 
anticlockwise diieetion at an angular velocity of a> radians per 
secoml. After a time f the angle AOB will be, say. (?, where— 

0 — cot. 

The intensity of the electric field, .Y, or the magnetic field. //, 
at any instant of time (say when t seconds) is given bv the 
projection of OA on XY. If, therefore, OA = A'o, then— 

A*" = Xq sin cot’. 

It is the curve of this equation which is plotted to the right 
of Ay in Fig. 2. The periodic time T for a complete oscilla¬ 
tion (i.e., for one complete revolution of OA) is thus — seconds, 

and the frequency / (i.e., the number of revolutions of OA per 
seconci) is accordingly . Hence_ 


T == 


2 .^ 


to 


and 


•' 2.7 ‘ 


n.o poak or maximun, value of A' is A„, and this is known ns 
tl.e amplitude of the motiou. Tl.is type of variation, very commonly 
eneountered in nature, is known as a Simple Harmonic Motion (sum) 
and further details about it will bo fouiul at- the rear of tlie book 
in Ai.,,endix I. The distance from any point on the sine curve 
o itained when A or H is plotted against distance to the correspond¬ 
ing point of the curve of the lueecding or next cycle is known ns 
the wavelength, X. 




PHYSIOLOGICAL ASPECTS OF SOUND 3 


The number of wavelengths generated per second is evidently /, 
and so— 

/A = 3 X 10^° cm./sec. 

Thus radio waves of frequency 150,000 cycles per second, i.e., 
150 kilocycles per second, have a wavelength of— 


3 X 1010 
1-5 X 10® 


— 2 X 10® cms. = 2,000 metres. 


The Complete Spectrum of Electromagnetic Vibrations. 

The difference between light, heat and wireless or any other electro¬ 
magnetic vibration is purely one of wavelength (or frequency) as 
illustrated in the table of Fig. 3. Generally speaking, the frequencies 
used for communication by radio are greater than 30 kilocycles per 
second (kc/s). These are known as radio or high frequencies (rf 
or hf) to distinguish them from the lower frequencies of sound 
waves. Throughout this book we shall refer to such frequencies 
as radio frequencies and we shall use the abbreviation rf. 

Physiological Aspects of Sound. Sound is a sensation pro¬ 
duced at the ear when a wave of alternate compressions and rare¬ 
factions of the air strikes the ear-drum, provided that the frequency 
of arrival of the pressure changes lies between two limits which are 
defined later. Since the compressions and rarefactions take place 
in the direction of propagation of the wavetrain, tlie vibrations are 
said to be longitudinal (contrast radio waves which are transverse). 
If the alternation in air pressure is a sine -function of time (i.e., 
is an shm), then the auditory sensation produced at the ear is that 
of a single note, or, to use the correct scientific term, a pure tone. 
The word “ tone ” as used in popular speech has therefore an entirely 
different meaning from its scientific one. 

The average human ear can distinguish three properties in any 
sound to which it responds. There is the sensation of “ pitch 
i.e., frequency of the sound ; the “ quality ” or “ richness ” of it, 
which depends on the waveform ; and its loudness, which is 
dependent upon the power associated witli the sound. 

The frequency range of the ears of a young person (say under 
15 years) is from about 20 cycles per second (c/s) to roughly 
20,000 c/s. The highest frequency audible to a human being 
decreases, however, with increase in age. For people about 30 years 
of age the upper limit is about 15,000 c/s, and people 60 years old 
are fortunate if they can hear 10,000 c/s. The low-frequency limit 
seems to be independent of age. Notes with frequencies within 
this range are termed audio- or low-frequencies (af or lf). Through- 
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out this book we shall refer to frequencies within this range as 
audio-frequencies and we shall use the abbreviation af. Sounds 
with a frequency less than 20 c/s are felt rather than heard ; those 
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with frcciuoncics greater than 2I),000 c/s make no impression on 
the human ear whatever (although it is interesting to note that 
clogs have a higher upper frequency limit than human beings). The 
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PHYSIOLOGICAL ASPECTS OF SOUND 

range between 10,000 c/s and 20,000 c/s is not so important as the 
lower half of the spectrum, and the aim in most radio apparatus 
designed to reproduce speech and music well is to obtain equal 
amplification for all notes lying between 30 c/s and '0,000 c/s. 
Speech can be understood if the reproduced range is fix)m 250 c/s 
to 2,500 c/s, the range of the average telephone instruments. 

Very rarely does a sound consist of a single shm : the waveform 
of most musical notes is complex, and on resolution by Fourier 
analysis (see Appendix II) is found to consist of a fundamental 
SHM together with a number of others, whose frequencies are 



multiples of that of the fundamental. These are known as har¬ 
monics, and it is their number and relative amplitudes which make 
the difference between the sound of the same musical note when 
played on different instruments. The ear, in responding to a com¬ 
plex waveform, makes a kind of Fourier analysis of it and is able 
to appreciate all the separate shm’s present. It is, however, quite 
unable to distinguish changes in the relative phases of the constituent 
frequencies.* This was shown by Van der Pol in a most ingenious 
experiment.^ Thus it is possible to have vastly different waveforms 
which sound exactly alike. 

* This statement requires some amplilication. The ear is unable to 
detect changes in phase relationships occurring between the components of 
a complex waveform, provided that it is recurrent. Changes in the phase 
relationships between the components of a single pulse are audible. 
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'I'hc oar is an pxtromriy sensitive detector of variations in air 
j)rcssiire. I ikUm favourable conditions, for example, it is possible 
to hear a note of .‘^500 c/s having an RMS pressure amplitude of 
O-OOnos dvnes cni.^. 

Eig. 1 shows the “ area of auditory sensation ” of the-normal 
ear. Eroin tliis it can be seen that the sound most easily heard 
has a frequency between 1,000 c/s and 3,000 c/s, and that for 
frequencies at the extremes of the spectrum the amplitude has to 
he considerably increased before the sound can be heard (i.e., 
before the amplitude of the sound reaches the threshold of hearing). 
Points lying within the closed curve represent sounds that are 
audible ; those outside the curve represent sounds which are either 
cf)nipletely inaudible (if the point is below the threshold of hearing) 
or else give a st'usation of pain instead of sound (which occurs if 
th(‘ j)oint i.s above the threshold of feeling). 

The Decibel. Intensity of sound can be assessed in many 

ways. One is by (pioting the number of watts crossing 1 sq. cm. 

at right angles to the direction of propagation. The threshold 

level from which sound intensities are reckoned is that of the 

weakest note at I.OOU c s that can be heard by the average ear 

under laboiatoiy conditions, d'his is often given as 1 \ 10~*'^ 

watts ;S((. cm., <’oi responding to an UMS pressure amplitude 

of n t)(K)2(l4 dynes cm.- ,at 1,000 e s. It is found for this fre- 

qu(uic\' that th<‘ smallest diflereiua* in sound intemsity that can 

l)e detected by the normal ear is about 10 ]ter cent, of the original 

inten.'^ity at small \’olumes, but about 2t> per cent, at greater 

intensities. laking the .second value, w<‘ may say that tlie smallest 

latio of inciease of sound power detei'table by the average ear is 

I -iti, and w (‘ can now build a scale of sound intensit y in the followi 
way— 


mg 


Let the ]»ow er of the xveakest 1,000 c/ .s note 
normally audible 

*1 hen the next level of power, giving a sound 

audibly greater than the previous power is 
Similarly the next level 
Finally the nth level 


— P ’svatts. 

= 1-211 P watts. 

= (l-2r>)^ P watts. 
= (1*20)” P watt-s. 


It IS found that 7, is apjuoxiniately 140 for the entire range 
ot audible sound intensities at 1.000 e/s. The relationship betiwen 
audible sound intensities and sound power is thus exponential or 
oganthniic, so that the acoustic superiority of one sound over 
another is proportional to the logarithm of the quotient of the 
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7 


two powers. Two powers, Pi and P 2 , ^re said to differ by n bels 
or ‘‘transmission \mits ” when— 

1 

It is clear from what has already been said that the least audible 
difference between two powers is approximately 0-1 bel (actually 

logic 1-26 = 0 1004), known as 1 decibel (i db.). 

This unit, the decibel, is very useful in giving estimates of the 
aural effects of increases or decreases in power used in creating 
sound. Suppose, for example, that an electromotive force (emf) 
is applied to a resistance R in an amplifying circuit, and that, owing 
to some adjustment (say a movement of a volume control), the 

, E ^ 

voltage falls to E^. The power falls from to ^ 


to -4- and the aural 


effect of this adjustment is given by 


E 

10 login = 20 logic —* dbs.. 


Pl^ 

R 


Pi 


which, as E^ < Pi, is a negative quantity, showing that the effect 

E I • 

is a drop in intensity. Note that the expression 20 logic gives 

the same numerical result, but with a positive sign. 

If ii and are the currents corresponding to the Erne's Pi and P^ 

^i.e., ^ and then the change in intensity may also 

be written— 


20 logic - dbs., 


and if Pi and P* are the corresponding powers— 

P2 

change in intensity = 10 logic v> dbs. 

1 


The Phon.2 The unit of loudness as assessed by the average 
ear is the phon. This is numerically equal to the intensity in 
decibels of a note of 1,000 c/s which gives the same physiological 
sensation (i.e., same apparent loudness) as the note in question. 
Thus for notes having frequencies in the range 500 c/s to 1,500 c/s, 
the loudness and sound intensity are mutually intcrcliangeable 
so that an increase of 10 phons in loudness in this region is another 
way of expressing an increase in sound intensity of 10 decibels. 
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Tins is illustrated in Fig. 5, which shows contours of equal loudness 
expressed in phons above the threshold value (called zero phons) 
as a function of frequency and sound intensity, the latter being 
expressed in decibels above the threshold value, zero decibels. 

From this it is clear that the sensitivity of the ear varies not 
only witli frequency but also with intensity. From the lowest 
contour it can be seen that considerable sound intensity is needed 
to render low notes audible compared with a note of 1,000 c/s. 
For example, the difference in sound intensity needed to give the 



same (threshold) loudness to notes of 20 c/s and 1,000 c/s is 
decibels, representing a power ratio of roughly 3,200,000:1. 
At 100 phons, which represents the loudness of a large SNunphony 
orchestra playing fortissimo, tlie contour is practically flat, which 
means that the same power is needed to reproduce all the notes 
of the audio-frequency scale nt tlie same lomlness. The loudness 
range of a largo symphony orchestra is about 70 phons and it is 

luce? powex cannot be 

befnrl^“ "n^l it is therefore necessary 

beforehand to compress the volume range into about 16 or 20 phon's 
oy some means. ^ 
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Scale Distortion .3 When speech or music is being reproduced 
by means of loud-speakers and amplifiers which amplify all the notes 
of the audio-frequency spectrum as equally as possible, it is essential, 
if a good illustration of the original performance is to be obtained, 
to ensure that the sound intensity produced at the ear by the 
apparatus is the same as that given by the original performer at 
the microphone (assuming this to have a flat characteristic also). 
If the average intensity of sound delivered by a loudspeaker is 
altered by an increase or decrease, provided that its frequency 
characteristic is not changed as well, then distorted reproduction 
will result. As an illustration, suppose a receiver is reproducing 
a concert at an average intensity level of 80 decibels. From Fig. 5 
the loudness is 80 phons for the middle region and 60 phons for a 
bass note of 50 c/s. If, now, the volume be tuiaied down so that 
the average intensity falls to 60 decibels, then the middle region 
suffers a loss in loudness of 20 phons, but the bass note suffers a 
loss of 50 phons. Thus the act of reducing the volume of a receiver 
upsets its effective frequency characteristic considerably, causing a 
relative loss in bass. This is termed “ Scale Distortion . 

Modulation. In order to transmit signals by means of wire¬ 
less waves, assuming that we have some device to generate and 
detect them, the waveform sho\vn in Fig. 2 must be modified 
in some way. It is possible, for example, to inteiTupt the trans¬ 
mission by means of a key and thus convey messages by means of 
the Morse or some other signalling code, or we can superimpose 
a signal on the sine curve (which is known then as a carrier 

wave). This is done in two ways : r i • 

(1) Amplitude Modulation (am). If the amplitude of the earner 

wave is varied at a low frequency the appearance of the wave orm 
becomes somewhat as shown in Fig. 6, in which curve (a) repre 
sents the unmodulated carrier with the rather low radio frequency 
of 16 kc/s (corresponding to a long wave of 18,750 metres). urve 
(6) represents a note of 1,000 c/s. Curve (c) shows the earner 
(a) modulated at the frequency of (5). This diagram fails in ^ 
it does not emphasize the enormous difference in frequency t a 

usually exists between (a) and (6). 

Fig. 6 {d) illustrates a carrier of angular frequency ca (i.c.. 


frequency = J and amplitude A, modulated at an audio-frequency 

27i/ 

of angular frequency p ^frequency = amplitude of which 

is ?n4, w being the modulation factor. The effect of the modulation 
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is to vary the amplitude between a maximum value of ^(1 + m) 
and a minimum of ^{1 — w). If m = 1, giving 100 per cent, 
modulation, the amplitude of the carrier s\vings between 2A and 0. 
At any instant t the amplitude of the carrier is— 

A(\ + m.sin pt) 

and thus the expression for the modulated carrier is— 

A{\ H-m.sinpO sin 

On expansion this gives— 

A sin (oi Am sin pt .sin ojt 

A • A , S M / . \i 

s= A sin (ot H—^ cos ((o — p)t -^ cos (w + p)t. 

The first of these 
terms represents the 
unmodulated canier ; 
the second and third 
represent shm's whose 
frequencies lie on either 
side of that of the 
carrier, the frequency 
difference between them 
and the carrier being 
equal to the audio-fre¬ 
quency being broadcast. 
These are termed “ side¬ 
bands ”. A broadcast¬ 
ing station using this 
system of modulation 
occupies a channel in 
the radio-frequency 
spectrum, the -width 
of which is equal to 
Uvice the frequency of 
the highest axidio note 

broadcast. If, as is 
Fio. 6.—Curve (c) shows the Effect of Modulating an normal in gOOd broad- 

RF Camor (a) by an af Note (6). ® 

(a, 6 and c by couriuy of Th€ WirtU$$ irprU.) CftSt tr(VnSUlltt6rS| 

audio-frequencies up to 
requires a cliannel in the 

electromagnetic spectrum 20 kc/s wide. 

On this basis the medium waveband, generally assumed to be 



hoooth. sec. 
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from 550 to 1,500 kc/s, could accommodate 47 stations equally 
spaced with respect to ca-’"ier frequency. Actually over 100 stations 
are accommodated, so that the carrier spacing on this waveband 
is at present only 0 kc/s. Manufacturers of radio receivers, how¬ 
ever, who have to design sets to separate the closely packed signals, 
have inevitably to sacrifice “ top ” (i.e., the higher audio-frequencies) 
in the reproduction in order to achieve the necessary narrow band¬ 
width. In fact, one may say that only a local medium-wave 
station, the signal strength of which is great enough to swamp 
that of more distant transmitters on neighbouring frequencies, 
can give satisfactory reproduction up to 10 kc/s without inter¬ 
ference. 

Conditions on the short waves (and American medium waves) 
are not much better for the carrier frequency separation is 10 kc/s. 
On the very short waves (40 to 50 Mc/s), which, owing to their 
quasi-optical properties, can only be used for short-distance com¬ 
munication, it is possible to achieve very high-quality reproduction. 
The B.B.C. television sound service on 41*5 Mc/s is reported to 
give very satisfying results. 

This amplitude-modulated system is the one almost exclusively 
used to-day in European broadcasting, and most of the work in 
this book is concerned with it. 

(2) Frequency Modulation (fm).-*- In this recent system, at 
present being adopted by some of the broadcasting stations m 
U,S.A., the amplitude of the carrier is kept constant, but its fre¬ 
quency is swung above and below the normal value by the af signa . 
The extent of the swing is proportional to the sound intensi y o 
the matter being broadcast, and the number of swings per s^on 
corresponds with the audio-frequency of the programme. rea 
advantages over the AM system are claimed for fm.’ In par ic ar, 
since an fm receiver has only to respond to frequency varia lon^ 
and not voltages occurring in the receiving aerial (as in^AM), muc 
of the noise due to atmospherics and man-made inte erence can 

be eliminated. 

The expression for a frequency-modulated wave is 

A sin (a}t + ^ sin pt ^ 

where co, p and D are the pulsatances corresponding respectively to 
the carrier frequency, low frequency and maximum deviation rom 
unmodulated value of carrier frequency. This can be expanded 
thus— 



A 
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ABo— sin ojt + ^ 1 —[sin (a> + p)t — sin (co — p}ij 
P P 

+ £ 2 —[sin {(o + 2p)t + sin {a> — 2 p)i] 

P 

+ ^ 3 —[sin {(jt) -f- — sin [co — 37 ))^] + . . . 

BO that the sidebands are displaced from the unmodulated value 
of the carrier frequency by multiples of the modulating frequency. 
The magnitudes of these sidebands depend on the values, of the 
coefficients Bo, B^ B^, etc., which are Bessel functions. The 

maximum deviation from the unmodulated carrier frequency, 

2n 

ig —^ usually 75 kc/s, and carrier frequencies lie usually between 
42 and 50 Mc/s. 

One drawback to the fm system is that the apparatus needed 
for transihission and reception is more complicated than for am, 
while a wider frequency band is needed for successful transmission. 
Consequently its use is restricted to the short waves where the 
frequency band can easily be obtained. 

Transmitters and Receivers. Although the working of 
modern transmitters and receivers will be analysed in some detail 
in later stages of the book, it will be useful to give a brief summary 
at this stage of the principal methods used in generating and receiving 
AM transmissions. 

Transmitters. In Fig. 7 a schematic arrangement is shown 
which is applicable to small transmitters using the interrupted 

VI / carrier method of com¬ 
munication. A valve 

I_ _ _ oscillator is used to gener- 

^ ^ p R.F. — I ate the carrier. The out- 

OsdUator power . put from this is amplified 

Key amplifier output —, j • xi. j ^ . 

I_I I_1 I and IS then passed on to 

a final valve which sup¬ 
plies power at the requisite 
radio frequency to the 

Fio. 7.—Functional Diagram for Small Trans- oftrinl Pmrfb ovafftT« 
mittor using an Interrupted Carrier Method * earth SJStem. 

of Convoying Messages. Somewhere in the ampli¬ 

fying chain it is necessary 
to introduce a key to make and break the transmission. There 
are many points where this may be done, but in Fig. 7 the key 
is placed between the oscillator and the rf amplifier. 


Oscillator 


Key amplifier 


R.F. 

power 

output 


Fio. 7. —Functional Diagram for Small Trans- 
mittor using an Interrupted Carrier Method 
of Convoying Messages. 
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Broadcast Transmitters. Broadcast transmitters differ from 
the previous type in that they contain an additional amplifier for 
audio-frequencies and a mixer, or modulating stage. A functional 
diagram of such a transmitter is given in Fig. 8. The example 


\ 1 / 



Fia. 8.—Block Schematic Diagram of a Broadcast Transmitter. 

shown is of a high-power modulating system. The af output could, 
however, be introduced into the rf chain at earlier stages, say at 
point Ay in which case a smaller af power output is required, and 
the modulated rf carrier is further amplified after the introduction 
of the modulation. This is kno^vn as low-power modulation. 

Broadcast Receivers. Neglecting cr^^stal receivers, modern 
wireless sets can be divided into the two types now to be 
described. 

(1) ''Straight'’' Receivers. In these the rf signal induced in 
the aerial by the lines of an electromagnetic wave cutting it, is 
first amplified, usually by one but sometimes by two valves, with¬ 
out any change in wave-form, this being known as rf amplifica¬ 
tion, and is then demodulated by a detector stage. Here the rf 
component of the signal is suppressed by appropriate filters and 
the AF component is passed on to subsequent amplifying stages, 
which terminate in a valve which supplies sufficient audio-frequency 
power for the successful operation of a loud-speaker. This is 
illustrated in Fig. 9, in which is included a rectifier for supplying 
the direct current required for the various stages from alternating- 
current mains. Alternatively, of course, the supply may be obtained 
from batteries. 

It is possible to feed the rf signal directly to the detector without 
any previous rf amplification. The circxiit of such a simple receiver 
is given in Chapter VI. 
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Also, the detector and power output stages may provide sufficient 
amplification between them to render unnecessary an additional 
valve as ap amplifier. 

(2) Superhei" Receivers. This type of receiver has largely 
replaced the straight variety during the last few years, except in 
the very lowest-price categories. The block diagram in Fig. 10 

represents the “ general ” superhet. 

In this receiver the signal from the aerial is mixed with another 
generated by an oscillator in the receiver itself. In large receivers 
some RF amplification is usually employed previous to the mixer 
stage. The mixing and oscillating is often done to-day by a single 
valve known as a first detector or frequency-changer, although 


V 



- 

I I 

^.C. Mains 

Fia. 9.—“ Gonoml ” Circuit for “ Straiglit “ Hocoivcr. 

Tho dotted parts indicate the supply of direct current from altenmting-current maii^. 

it was formerly tho practice to use two valves for the purpose. 
One result of the mixing process is that a signal is generated w’hose 
frequency is the difference between that of the original signal and 
that of the oscillator, and which has impressed upon it the modu¬ 
lation of the original signal. This difference term is known as the 
intermediate frequency (if), and it is a high ina\idible frequency, 
popular values for it being 110 kc/s and 4C5 kc/s. Tho fact that 
the modulation is transfeiTed to a new inaudible frequency has 
given this type of receiver its name. “ Superhet or “ Super¬ 
heterodyne are telescoped forms of “ Supersonic heterodyne 
Of these two values 465 kc/s is nowadays the more popular figure, 
especially in the so called “ all-wave ” receivers, whicli operate on 
three or four wavebands covering long, medium and short wive- 
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lengths. This new signal (the if) is amplified by an if amplifier, 
containing one or two valves, which only differs from an rf 
amplifier by the fact that it operates at a fixed carrier frequency. 
The amplified if signal is demodulated at a second detector and is 
then amplified at audio-frequencies as in the straight receiver. 



l<5> 

^.C.A^a//7S 

Fig. 10. —Functional Diagram for “ General ” Superheterodyne Receiver, 

Sources of power are indicated by dotted lines. 


The modern tendency to use multiple-purpose valves has so 
reduced the number of valves that some modern superhets have 
oifiy four, and these between them perform the nine functions 
evident in the block diagram of Fig. 10. One finds in the more 
expensive receivers, however, that each valve is usually given only 
one function to perform. 

FM Receivers, fm receivers, as evidenced by Fig. 11, have 
^uch in common with the superheterodyne type mentioned earlier. 



Fig. 11,—Block Schematic Diagram of fm Receiver. 


The RF, mixer, and if stages are similar except for the differences 
necessitated by the fact that fm transmissions are carried out on 
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very short waves. Tl.e special type of detector following the 
EF amplifier, known as a “discriminator”, responds to frequency 
fluctuations in the if signal delivered to it. Tlie preceding hmiter 
stage has the purpose of eliminating voltage fluctuations m the 

IF signal. . , . , j 

Television. In all television systems in ^'hich a scene and 

the movement occuning in it arc reproduced at a distant receiver 
by means of a radio link, the scene is considered to be made up 
of a number of elemental areas, each having its particular colour 
and intensity (degree of light and shade). The elements are assumed 
to be arranged in horizontal rows or lines and a scanning agent 
of the same dimensions as an element explores the lines in turn, 
moving along each in the same direction at a constant velocity 
with a quick return at the end of the line to the beginning of the 
next. By means of a photo-electric cell the varying intensity of 
each element can be accurately portrayed by corresponding lluctua- 
tions in the amplitude of an electric current, which can be used to 
modulate a transmitter. Altliough coloured television has been 
realized, it has not yet been made available as a public service, 
and here we shall be concerned only with black and white repro¬ 
duction. 

To provide good definition a few hundred lines are necessary 

to eacii jiicture. In Britain the B.B.C. high detinition service 

uses 405 ; in America, 525 are used. The scanning operation for 

the entire scene has to be carried out in a very short time interval 

if flicker is to be avoided in the reproduced image, and to achieve 

this it is customarv to use a svstem in which the exploring agent 

covers the whole seem' twice in one-twenty-tiith ot a second using 

alternatelv different sets of lines. A simpliiied vei'sion of this 

interlaci'd scanning is given in Eig. 12, whicli represents a 0-line 

system. The heavy lines are scanned first, the dashed ones next. 

while the inactive lines representing ipiick-return strokes are 

indicated bv dotted lines. 

% 

The greatest rate of change in the amplitude of the vision signal 
evidently occur.s wlien a white element falls next to a black one. 
In fact, if the scanning agent traverses a line composed of alternate 
black and white elements, there being a total of » elements, the 

vision signal will contain ” similar cycles. In one second, there- 

)l • P 

fore, in a svstem of // lines, the number of evcles is —, where F i 
the number of pictures transmitted iier second, 'fliis expression 


IS 
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gives the minimum value of the upper limit of the frequency range 
of the modulating signal for successful results from the system. 
By putting n equal to 405 and F equal to 25 (as for the B.B.C. 
system) we can see that / is approximately 2 Mc/s. A transmitter 
employing such high modulation frequencies as this occupies a 
channel 4 Mc/s wide in the frequency spectrum. Such a channel 
can only be accommodated on very short waves, and in fact the 
B.B.C. system uses a vision carrier on 45 Mc/s (6*67 metres), the 
accompanying sound being transmitted on 41-5 Mc/s (7*23 metres). 

The vision signal evidently contains two strongly marked fre¬ 
quencies, the frequency at which the lines succeed one another 
and the picture repetition or frame frequency. These, for the 
405-line system, are respectively 10T25 kc/s and 50 c/s. 



Fig. 12. —Simplified Diagram of “ Interlaced Scanning ” using only 6 Linos. 

In the 405-line system, used by the B.B.C., a real image of the 
scene to be transmitted is formed on an electrode inside the cathode- 
ray tube of the “ Emitron camera This electrode consists of 
a mosaic of individually insulated caesium globules, each acting as 
a photo-electric cell, deposited on a sheet of mica and backed by 
metal. Each cell charges up the condenser formed by itself, the 
mica and the metal to a potential proportional at any instant to 
the intensity of light falling on it. This mosaic is scanned by the 
electron beam in an interlaced pattern as already described. As 
the beam touches each globule in turn it discharges the condenser 
and the consequent series of var 3 dng potentials forms the vision 
signal. 

At the receiving end the vision signal, after detection and 
amplification, is used to regulate the intensity of an electron beam 

c 
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in the cathode-ray tube of the receiver. It is necessary, of course, 
that this electron beam should follow precisely the movements of 
that in the emitron camera in order to build up the picture cor¬ 
rectly. This desirable result is secured by the use of two “ time 
bases i.e., two generators of “ saw tooth ” oscillations, one 
operating at line fiequency (horizontal deflection) and the other 
at frame frequency (vertical deflection). These are triggered by 
impulses contained in the vision signal. The range of intensities 
between full white and complete blackness in the scene being 


'''^Common aen’a/ 



A.C.Mains 

Fio. 13.—Schematic Diagram for Comploto Tolovision Receiver. 


broadcast is represented in the television transmitter oxitput by a 
modulation range of 100 to 30 per cent., so that any signal of less 
than 30 per cent, modulation represents “ blacker than black ** 
and so makes no visible effect on the receiver screen. By suitable 
circuits such signals can be separated from the vision signal proper 
and can bo used to control the time bases. Firrther details about 
time bases will be found in Chapter VI. 

A schematic diagram of a complete television receiver is given 

in Fig. 13, in which the sound and vision receivers are represented 
by single blocks. 
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A steady current flowing tlirough a conductor sets up a steady 
magnetic field around it. If the current is varying with time, 
however, there is a corresponding variation in the field, and the 
lines of force composing it, in cutting the conductor, set up a 
“ back EMF ”, which opposes changes in the current. If the total 
number of lines present be denoted by 0, then the magnitude of 
this back emf is given by— 


The negative sign is expressive of Lenz’s law, viz., that the 
direction of the back emf is such as to oppose any changes in the 
magnitude of the current. 

The back emf can be considerably increased by doubling the 
conductor back on itself several times so as to form a coil or solenoid. 
Its magnitude evidently depends upon the total number of times 
the lines of force cut the conductors and the relation between the 
number of lines and the current flowing in the solenoid. These 
factors are both embodied in the term ” Coefticient of Self-Induct¬ 
ance ” of the circuit, which is a measure of the magnitude of the 
back EMF set up. 

Definition of Self-Inductance. The coefficient of self-induct¬ 
ance of a circuit, usually abbreviated to inductance (a term often 
used in radio for a coil or solenoid), is the total number of linkages 
of magnetic lines of force wdth conductors when unit current is 
flowing in the circuit, there being no other magnet or current in 
the neighbourhood. It is \isually denoted by L. 

If a current i is flowing in a circuit of inductance L, then the 
total number of lines of force present (i.e., <l>) is.given by— 



Irtmmu & Kashmir Unwr-r^inr Lflj 
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and since the back emf is numerically equal to the rate of change 
of the total number of lines with respect to time— 



This shows that the magnitude of the back emf is proportional 
to the self-inductance of the circuit. In fact, self-inductance is 
sometimes expressed as the ability of a circuit to oppose growth 
of current in it when an external emf is applied, or to retard diminu¬ 
tion of the current when the source of external emf is removed. 

Units of Inductance. Representing the magnitude of L 
irrespective of sign by \ L\y we have— 



dt 

di 

If ^ ^ = 1, then \L \ =1, i.e., if an emf of 1 volt is set 

dz 

up across a coil when the current is changing in it at the rate of 
1 ampere per second, then the coil is said to have an inductance 
of 1 Henry (H). Since 1 volt = 10® absolute electromagnetic units 
(e.m.u.’s) of potential, and 1 amp. = 10~^ e.m.u.’s of current, then 
it follows that— 

1 Henry = 10® e.m.u.’s of inductance. 

Inductance of a Long Solenoid. The magnetic field due to 
a solenoid, the length of which is great compared with its diameter, 
is given by— 

U = lines per square centimetre, 

where- n = number of turns per centimetre of coil, 

i = current in solenoid in e.m.u.^s, 
and fx = permeability of medium inside the coil. 

If the cross-sectional area of the coil is A sq. cms., then— 
total number of lines in section = fiijiniAy 


therefore, total number of linkages = [x^niA x nl 

(where I is length of cod in centimetres) 

and hence inductance (i.e., linkages for i = 1) = ^— Henrys. 


If the solenoid is of circular section, with a diameter d cms., 
and if N is the total number of txirns, then N — nl and so, provided 
the length of the coil is great compared with its diameter— 
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The error involved in this expression is less than 10 per cent. 

if I > Hd. ^ ^ j X 

Inductance of Short Solenoids.^ Unfortunately few induct¬ 
ances used in radio satisfy the condition that I > 3jd. If, however, 
the expression be modified so as to include a factor, fc, the value 

of which depends upon the ratio y, then it can be used successfully 

for calculating the inductancef of short solenoids. We have thus— 

Henrys 

= ^ f Microhenrys, 

^ lOH 

since 1 Microhenry = 10"® Henry. 

If the coil has an air core, then ju = 1, and the formula is— 


uH. 


Fig. 14 gives, a table of certain values of k, which is known as 
Nagaoka’s factor. 



006 

010 

0-20 

0-40 

0-60 

0-80 

100 


0-98 

0-96 

0-92 

0-85 

0-78 

0-74 

0-69 



1-20 

1- 40 
1-60 
1-80 
20 

2 - 2 
2-40 



0-65 

0-61 

0-68 

0-55 

0-63 

0-60 

0-48 



2-6 
2-8 
300 
400 
600 
800 
1000 


0 24 
0-20 


Fio. 14.—Values of Nagaoka’s factor, k, for values of j- between 0-05 and 10. 


Another formula for the inductance of short solenoids, which 
is particularly useful as it requires no knowledge of any additional 
factors, is the following, due to Reyner *— 

r 0-2NW^ „ 

“ 3-5D ~+ 81 

where N — total number of turns, 

D — external diameter of the coil in inches, 
and I = length of the windmg in inches. 
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For use with multi-layer coils the formula may be modified thus 

0-2iV2/)2 D _ 2-25d 

-- 


L = 


X 


3 5D + 81 ' D 
where d = thickness of the winding in inches. 

The error introduced by use of this formula is given as less than 
2 per cent, provided 

0 <^ < 0-3 and 0 < ^ < 2. 

Some Numerical Examples in Calculating Inductance. 
As we shall see in Chapter IV, a coil in parallel with a standard 
tuning condenser of 0*0005 //F capacitance * needs an inductance 
of about 157 //H in order that the circuit shall tune over the medium 
waveband. 

If we fix the dimensions of a single-layer, air-cored solenoid 
which is to have this, value of inductance, then it is a simple matter 
to calculate the requisite number of turns of wire. 

Suppose a diameter of inches and a winding length of 1 inch 
are decided upon. Rearranging Re 3 mer’s formula, we have— 


N = 


V5L(3-5Z) + 81) 

D 


On putting L = 157, D = 1*5 and Z = 1, we find— 

iV" = 68 turns. 

The diameter of the wire can now be so chosen that the 68 turns 
will just occupy the I inch allowed. Gauge 30 dso copper wire 
will be suitable. 

A similar example, evaluated lor a coil of inductance 1-25 fxH 
for use on the short waveband, shows that if the chosen dimensions 
are 1 inch diameter and 1 inch winding length, then 8^ turns are 
required. These should therefore be wound so that there is a 
space of roughly ^ inch between neighbouring turns. 

In order to prevent capacitive interaction between neigh¬ 
bouring tuning inductances, the coils are frequently individually 
screened by aluminium or copper cans. These are not placed too 
near the windings for fear of increasing the self-capacitance of the 
winding and decreasing the inductance unduly.In practice the 
latter decrease is usually about 10 per cent. The effective induc¬ 
tance of a coil of diameter d and length I placed symmetrically 
within a can of diameter D and length h is given by— 

r ly 

— -^unscreened ^ ^3 ( 2h} * 

* The unit of capacitance, the Farad, will be defined in the next chapter. 


'effective 
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Behaviour of Inductance towards Direct Current. If an 
inductance, L, be connected to a supply of constant electromotive 
force, E, then the circuit takes the form shown in Fig. 15, where 
R represents the ohmic resistance of L, or an external component 



■4 

Fio, 15 .—Circuit consisting of Inductance and Resistance in Series 

connected to a Supply of Constant emf. 

in series with L. If the current at any instant is i, then the effective 
EMF present in the circuit is— 


e-4 

dt 


and so, applying Ohm’s law 


e^4 

dt 

E 


= % 


or 


L~ + Ei^E, 

dt 


The solution to this differential equation is given in Appen¬ 
dix Ilia, from which it is seen that, if = Eny 'when t = 0, then 
the current grows according to the expression— 

From this it would appear that the current never reaches its 

Eq , 

ftill value for putting e equal to zero gives t as infinity; 

but in practice the difference between the full value and that reached 
after a few seconds is generally negligible. As an example, suppose 
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L = 100 H and R — 100 ohms so that y = 1. The time taken for 

IJ 

the current to reacli 00 per cent, of its full value is given by— 

e*- = 100 

or i = log^ 100 = 4-6 secs. 

The curve for this particular case is drawn in Fig. 15, in which 
has been taken as 100 volts, making the final steady current 1 amp. 



Fig. 16. —Growth and Decay of Current in an Inductance. 
The EMF ceases at the time wlien t = 8 seconds. 


The curve also illustrates the decay of the current when the emf 
is short-circuited. The decay obeys the equation— 

. Fo ''-^.t 

^=_.e /. . 


which is derived in Appendix III6. 

Because of their ability to resist both growth and decay of 
currents in them, large inductances are used in radio in smoothing 
circuits. Further details will be found in Chapter VI. A con¬ 
venient system, frequently adopted in modern receivers, is to use 
the windings of the electromagnet of a loudspeaker as a smoothing 
choke. This is a convenient idea for the magnetization of the 
iron core is utilized in energizing the loudspeaker. 

Time Constant. In the equation 



fhe quantity decreases as time increases and, as shown 

above, quickly becomes negligible so that the current effectively 

E 

assumes its maximum value, 

si 
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If we put t = then the current i is given by— 

= ^(1 - 0-368), 

which is, very nearly, 63 per cent, of the 0pal value. 

The quantity ^ is a measure of the rate at which the current 

grows, and is known as the “ time constant ” of the circuit. 

In the case when the emf is removed and 



then, on putting t = ^ 


we have 



That is, after a time equal to the time constant, the current has 

fallen to -th (i.e., 0-368) of its original value. The time constant 

e 

hence gives an indication of the rate of decay also. 

It follows that, if the resistance of a circuit is fixed, then the 
rate of growth or decay of the current varies with the inductance ; 
while if the inductance is fixed the rate of growth or decay can be 
increased by a decrease in the resistance. 

Behaviour of an Inductance towards Alternating Current. 
An alternating current may be expressed by the equation— 

i = sin cot 

where io = amplitude, i.e., peak value of the current, 

i = instantaneous value of the current corresponding to 
time ty 

and CO = pulsatance of the current, 

= 2nf where / — frequency in c/s. 

If such a current is flowing in a circuit comprising only an 
inductance of which the ohmic resistance is negligible, we have— 

where E = applied emf. From this— 



d* d 

~ cos cot ~ L(o*o sin 
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The EMF across the inductance is thus - radians or 90° ahead 

of the current. Expressed diflFerently. this means that there is a 
phase difference of 90° between the current and the emf. 
Comparing the equation— 

E = Xcuio sin 

with E = Ri 

for Ohm’s law, we see that Lo) takes the place of resistance in the 
inductive circuit. This is known as the “ reactance ” of the 
inductance, and is represented by Xi^. Thus— 

reactance of inductance = = Lo> = ^nfL ohms. 

The reactance is therefore seen to be directly proportional to 
the frequency of the applied emf and to the inductance of the 
coil. It should be noted that the reactance is the ratio of the 




Fio. 17.—Relation between emf and Current in a Purely Inductive Circuit. 

The projection of AO on XY represents emp and that of CO on XY the current. 

peak value of the emf to the peak value of the current; it is not 
the ratio of emf to current at any particular instant of time, as 
illustrated in the diagram of Fig. 17. In this the radius vectors 
OA and OC rotate in an anti-clockwise direction, OC being 90° 
behind OA. The projections of OA and OC on XY represent the 
inagnitudes of the emf and current respectively. These magnitudes, 
for one complete cycle of emf, starting and finishing at zero, are 
plotted against time as shown to the right of the line marked X Y. 

Behaviour of Circuit with Resistance and Inductance 
towards Alternating Current. If we add a resistance to the 
circuit above, which may be in practice either the ohmic resistance 
of the windings of the inductance or an external series component, 
the differential equation takes the form— 

E -L^ =Ri 

dtf 
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where E = E„ sin cot. 

Here E, is the amplitude of the applied emf, the instantaneous 
value of which is E. The equation may thus be written— 


+ Ri 

(It 


En sin (ot 


and in this form is solved in Appendix IIIc. The solution is 

Eo 


^ I 

i = Ae'L- + 




sin {cot — 6) 


where 


tan 6 = 


Leo 

'R' 


The first terra of the solution represents a current which decays 
with time and may ultimately be neglected. The second term, 
however, is a_ continuous one, varying sinusoidally with time at 
the same frequency as the applied emf. From this latter term we 
see that the current lags behind the emf by an angle the tangent 

of which is equal to and, comparing this term with the corre- 

E 

spending statement of Ohm’s law ^ ** resistance of the 


circuit is given by the expression VL^co^ -f i?*, a quantity known 
as the impedance (not reactance, which is reserved for cases where 
the difference in phase between emf and current is 90°). If £ = 0 
when t = 0, then it is obvious that the current must also be zero. 
This is impossible as far as the second term of the solution is con¬ 
cerned, and accounts for the presence of the first term in the com¬ 
plete solution, for this allows for the fact that the current is zero 
at i = 0. 

If 1/ = 0, then 0 = 0 and the solution reduces to— 


ft 

i 


R 


sin cot. 


Thus if the circuit contains resistance only, then the current 
is in phase with the emf and proportional to it at any instant, tliis 
agreeing with Ohm’s law. 

In any circuit consisting of inductances and resistances in series 
joined to a source ofSiternating emf, the potential difference (pd) 
across the purely resistive parts is always in phase with the current, 
and the pd across the purelj^ inductive parts is 90° ahead of the 
current. 

Vectorial Notation. Consider a circuit comprising an induct- 
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ance L and a resistance R in series and let a current sin cot flow 
through it. The peak values of the pd’s developed across each 
are as follows : 

Phase of pd with 
Peak Value of pd respect to current 

Resistance ..... in phase 

Inductance ..... IqLco 90® ahead 


The PD across R may be represented in magnitude and direction 
by the vector OA in Fig. 18, and 
that across the inductance by OB, 
drawn 90® ahead of OA to illustrate 
the phase difference. Compounding 
these vectorially, using Pythagoras’ 
theorem, the resultant or applied 
(peak) EMF is represented in magni¬ 
tude and direction by OC, which has 
the magnitude— 

= ioVL^co^ + RK 

This diagram also shows that the 

applied emf is ahead of the current 

« .. , ... Leo T. • 

by Q, where tan 6 = It is evi¬ 



dent that the amplitude of the cur- Fig. 18.—Vectorial Representation 

rent which is common to all three Resistance in Series. 

emf’s in this vectorial notation may 

well be omitted, in which case the lengths of OA, OB and OC 
now represent, not emf’s, but reactances (strictly impedance in 
the case of OC), whilst their directions correspond to the phase 
difference of the emf’s with respect to the current. Hence— 


Impedance = VL^co^ + R"^ — -\-R^ 

= RK 

The 7 -Notation. The operator j (= V- 1) is very con¬ 
venient for expressing vector quantities. By multiplying any 
vector by — 1 it is clear that its magnitude has not been changed 
but its direction has been reversed, i.e., it has been rotated through 
180®. Multiplication by j is thus equivalent to a phase rotation 
through 90®. 

The impedance Z of a series circuit comprising L and R may 
thus be written— 

Z = R = R -\-j(oL 
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For calculation purposes, however, it should be remembered 
that the numerical value of Z is given by 

\Z\ = 

This can be conveniently represented on an Argand (bagram 
as shown in Fig. 19. Here OA represents by its length the resistance, 



Ry in a circuit to some convenient horizontal scale and OB similarly 
represents Xiy the reactance to the same scale. It follows that the 

angle 6, which is such that tan 0 = is tlie phase angle between 

the current and the applied emf in this inductive circuit. From 
Pythogoras’ theorem OP is given by 

OP ^ V 

and so OP represents by its length the absolute magnitude or 
modulus of the impedance Z. It also follows that 

R = \ Z \ cos 0 
and Xi^ = I Z 1 sin 0. 

Rate of Working in an Inductive Circuit. In a purely 
resistive circuit the power dissipated in an interval of time dt is 
given by— 


i^R dt joules, 
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where all the symbols have the meanings previously assigned to 
them. 

If the current is alternating, then this becomes— 

(Di di joules 

and consequently it follows that— 

power developed per cycle = J sin^ cot dt 

where T = time for a complete cycle = — seconds. 


Hence power developed per second 

■t+T 


CD 

= —sin^ cot dt. 

271 J/ 


Now 


r 


sin^ cot dt 


=j 


1 — cos 2cot 


dt 


_ sin 2cot~\^'^'^ 

2 4a> J( 


t T sin 2co{i + T) 


4co 


t I sin 2cot 
2 4^ 


T 

2 


4(0 


{sin 2(o(t + T) — sin 2cot} 


= §■ 2cu(< + 0.sm«,T 

271 

But since T = —, then sin coT = sin 27t = 0. 

CO 

T 71 

Therefore the integral has the value — = —. 

2 (o 

Then the power developed per second 


CO T^. „ TT Rio^ . 


— _ 7 ?; 2 11 — 

271 CO 2 


joules, 


or rate of working = 


Rio 


watts. 


Since Eo = Rio we may say- 

rate of working = 


Eoio Ro ^0 


^/2 V2 


watts 


Thus the rate of working in a purely resistive circuit carrying 
an alternating ctirrent of peak value io amps, produced by a 
peak EMF of Eo volts is exactly the same as would be produced 
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i ^0 

by a direct current of amps, and a steady emf of volts. 

These are termed the virtual current and virtual emf respectively 

or the Root Mean Square (rms) values. 

If the circuit is inductive the power developed per second is 

given by— 


rl+ T 

Ei dt = ^ A Eq sin ojIAq sin [lot — 0) dt 
2,t J, 


coEAo 

~'2:i 


Now 


and 


cos 


rt-\-T rt+T -I 

5 0. j sin^ cot dt — \ sin 0. j sin 2cot dty 


r^»-r ji 

sin^ iot dt = - as before, 
Jt " 

rii-r r 

j sin 2(ot dt = 


— cos 2(on^+^ 

2(0 L 


— cos 2co{t + T) cos 2cot 
^ ^ 2(0 


Therefore 


2 sin 2 ( 0 ^/ + 

2(0 

= 0 since sin ojT — sin 2 .t. 

Ei dt = 0.- - i sin 0.0 

2.T 1 (O 


. i 0 • cos 0 .71 EoAq. cos 0 


2.1. (O 


Hence— 


EqXq 


rate of working = “ - cos 0 = rms voltage x RMS current x cos 0. 

The power dissipated thus depends on cos 0, which is accord¬ 
ingly kno^vn as the “ power factor of the circuit. Since tan 0 
Leo ^ li 

-cos 0 = .If tliere is very little resistance in 

E VL\o^- + ir- ^ 

the circuit the power factor tends to zero, and there is thus very 
little power wasted in the circuit. In this case the phase angle is 
very nearly 90° and the current is termed “ wattless ”. 

Skin Effect. A direct current distributes itself uniformly 
througiiout the cross-section of any wnre carrying it, but an alter¬ 
nating current confines itself to tlie outer layers of the conductor, 
the exact distribution depending on the frequency. For very high 
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frequencies the centre parts of a stout wire hardly carry any part 
of the current at all, and accordingly it has become customary to 
employ copper tubing in the construction of inductances for very 
high frequencies. This non-uniformity of current density in the 
section means an increase in the effective resistance of the wire 
at high frequencies compared with the value for low frequencies 
i?o, which differs very little from the value for direct current. 
Direct current may, in fact, be regarded as an alternating current 

p 

values of ^ for 

-£l0 

be found in the table of Fig. 20. It will be noted that the increase 
of resistance is negUgible at audio-frequencies, except for very 
thick wires. Provided very thin wire is used (< 0-2 mms. diameter) 


of zero frequency. Some 


straight conductors will 


1 

k 

Frequency I 

1 

Wavelength of , 
Radio Wave i 

\ 

\ alue of 'iT' 

Ito 



1 

in Metres | 

1 

I 

Diameter 2 mm. 

Diameter 0-2 mm. 

Audio 

C 10 c/s 

1 

1000 

1-000 

Frequencies 

< 1 kc/s 

1 10 kc/s 


1 000 
! M44 

1-000 

1-000 

Radio 

flOO kc/s 

3000 ! 

8-670 

1 1-000 

Frequencies 

< 1 Mc/s 

300 

84-20 ' 

1 1 144 

1 10 Mc/s 

30 

839 0 

, 8-670 

1 

1 


Fia. 20.—Table illustrating the Variation of Effective Resistance of a Straight 

Round Conductor at Various Frequencies. 


the increase is not serious at frequencies corresponding to medium 
and long wavelengths. The use of very thin wire, however, increases 

R 

Rq. Finally, the table shows that is approximately proportional 

to the frequency. The mathematical relationship between the 
resistance due to skin effect R^ and frequency was evaluated by 
Kelvin*. 

The Proximity Effect. In straight wires the increase in 
resistance known as “ skin effect ” is due to the interaction between 
the current and the magnetic field due to it. When two or more 
conductors are near as in coils, a further increase in resistance, 
known as the proximity effect, is produced, this being caused by 
the interaction of the field due to one part of the conductor with 
the current in another part. Curve (a) in Fig. 21 shows the varia- 

R.R.T. D 
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tion with frequency of effective resistance of a straight piece of 
wire 20 metres long. The excess over 0-43 ohms, which is the direct 
current resistance, is entirely due to skin effect. 

In curve {b) the wire has been placed in parallel with a similar 
piece 0*15 cms. away, so that the observed increase of effective 
resistance over curve (u) is due purely to proximity effect. This 
same piece of wire was then wound into the form of a coil, in which 
the spacing between neighbouring turns was 0-15 cms. This gave 
an inductance of 320 /iH, and the effective resistance is plotted in 



Fio. 21—Etlectivo llcaistanco of a Piece of Wire 20 Metres long in Various 

Configurations. 

(Hy cotirt^sy of Cambritiye I'liirersity /V«s.) 

curve (c). The excess of any particular ordinate over the corre¬ 
sponding ordinate of curve (6) is due to the increased proximity 
effect. 

To obtain curve (d) the wire was rewound into a multilayer 
coil of inductance 580 //H, the dimensions being shown in the 
figure. There is a marked increase of proximity effect. 

The effective resistance of an inductance at high frequencies is 
thus composed of the following components : 

(а) ohmic resistance, which is independent of frequency, 

(б) skin effect, rouglily proportional to frequency, 

and (c) proximity efiect, which may be taken as proportional to 

the square of the frequency. 

If precautions are taken to reduce (c) by the method of winding, 
the second of these effects is the most important, and we can there- 
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fore say that, to a first degree of approximation the effective resist¬ 
ance of an inductance is proportional to the frequency.®*’ 

The Factor Q, As we shall see in Chapter IV, the magnifi¬ 
cation afforded by a tuning inductance is inversely proportional 
to the effective resistance of the coil. In fact, for radio purposes, 
the efficiency of a coil at high frequencies is measured by the ratio— 

reactance 

effective resistance 


which is known as the Q value of the coil. From the foregoing 
it will be obvious that, if R is small compared with L, which is 
usually true, then— 

^ power factor 

In addition— 


Q = tan 6, 


where 6 is the difference in phase between the current and emf 
in the inductance. For average coils, <3 is generally of the order 
of 100 indicative of a phase difference of very nearly 90°. 



Fiq. 22.—Variation of Q with Frequency for Air*cored Inductance. 

{By courtesy of The Wireless World-) 

Fig. 22 illustrates the way in which tlie Q of a medium-wave 
air-cored tuning inductance varies with frequency. For a frequency 
variation of 7 : 1, the Q varies in the ratio 3 : 1, but over the medium 
waveband the Q remains between 135 and 175 and may thus be 
taken as approximately constant. 

Attempts to increase the efficiency of tuning coils by increasing 
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the diameter of wire used result in a decrease of ohmic resistance 
at the expense of an increased skin effect. A better solution is 
to use wire consisting of several insulated strands soldered together 
at the ends. Such wire reduces skin effect considerably by pre¬ 
senting a very great surface area for its total cross-sectional area. 
An example of such wire is Litzendraht frequently used in 
modern receivers in the construction of intermediate frequency 
transformers. 

Fig. 23 illustrates the variation in effective resistance of two 
coils of the same inductance. One of them is coil (d) of Fig. 21, 



Fia. 23.—\'rtriati()n of EfToctivo Kosistanco with Frcqiionoy of Two Coils with tho 

satno Intliictaiu'o. 

(f/) ban Hiaglo wire; (e) ia woxiiui with atmndcil wire. 

(/<;/ of f*nhrr.<i7y I'rens.) 


and the other a similar inductance wound with stranded wire. 
The lower effective resistance of the latter is very marked. Their 
respective Q's are 27 and 10(1 at 100 kc/s. 

Iron-cored Coils.”-®' Another sohition to tho problem of 
reducing the elfectivc resistance is to reduce copper losses by the 
use of an iron core. 'I he iron has to be in the form of a fine dust 
to avoid excessive eddy current losses and the particles are set in 
an electrically insulating medium wliieh is moidded to the shape 
of the coil. The permeability of the iron in such a state of sub¬ 
division depends on the frequency, and for medium-wave frequencies 
is about 3 or 4, so that less copper is needed to produce a coil of 
a given inductance, eom]>aretl witli that needed in air-cored typ^s. 
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Flo. 24.—CompErison botweon Q^s of Air* and Iron-corod Tuning Inductancos. 

{By courtesy of The Wireless World ) 

This also means that the coils can be made of smaller physical 
dimensions than air-cored varieties of the same inductance, without 

any loss in efficiency. Another 
great advantage is that the induc¬ 
tance of a completed coil can be 
adjusted by a movement of the 
iron core. The use of iron, how¬ 
ever, introduces further losses. 
There is an energy loss every- 
cycle proportional to the area of 
the hysteresis loop of the B-H 
curve (see Fig. 25 and Appendix 
IV) ; despite the subdivision of 
the iron to powder and the subse¬ 
quent insulation of the particles, 
there is still a loss due to eddy 
currents, and this loss depends 
on the square of the frequency. 
Nevertheless, as already suggested, 
these losses are more than offset 
by the gain in efficiency due to the 
reduction of copper losses so that 
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the resultant Q is higher than for air-cored types. This is evident 
from Fig. 24. 

The addition of a screening can to an iron-cored tuning induc¬ 
tance results in a smaller reduction of inductance than for air- 
cored types, since the external magnetic field of the former is 
smaller in extent. Otherwise expressed, this means that a screening 
can may be placed closer to the windings of an iron-cored coil 
than is customary with air-cored types, whilst giving the same 
reduction in inductance. 

RF Chokes. An kf choke is an inductance designed to have 
a high impedance at radio frequencies, which can be used for 
separating rf from af signals. As an example, an rf choke for* 
use on the short-wave band of, say, 6 Mc/s (50 metres) to 20 Mc/s 
(15 metres), may have an inductance of 130 /^H. Neglecting the 
effective resistance, it is easily shown from the formula 

inductive reactance = Xj^ = Lm — 2nfL 

that the component has a reactance of 16,300 ohms at 20 Mc/s, 
falling to 4,900 ohms at 6 Mc/s. A condenser in parallel with 
the inductance will therefore receive most of the current, if the 
reactance of the former is small compared with that of the coil, 
when the two are connected to a source of alternating emf. Actually 
the arrangement forms a resonant circuit, and as such w'^Ul be 
discussed in greater detail in Chapter IV. 

RF chokes for use in all-wave receivers, i.e., to have a great 
reactance to frequencies between 150 kc/s and 20 Mc/s, have usually 
an inductance within the limits 0-2 H and 0*5 H, the ohmic resistance 
being less, generally, than 1,000 ohms. They are sometimes iron- 
cored, and often screened. 

AF Chokes. These, as their name suggests, perform duties at 
audio-frequencies analogous to those of rf chokes at radio 
frequencies, and it is obvious, in view' of the low'er frequencies 
with which they have to deal, that af chokes need considerably 
greater inductance than the rf type. A typical figime for the 
inductance is 20 H. This may be obtained by the use of an iron 
core, and, at the comparatively low' frequencies encountered in 
the audio range, the losses due to eddy cuiTents may be kept quite 
low by constructing the core of insulated strips or laminations. 

AF chokes have frequently to })ass direct currents of the order 
ol 40 milliamps., Avith alternating ciurents of audio-frequencies 
superimposed upon them. The effective inductance of a choke 
depends upon the direct current flowdng in it, as will now' be shown. 
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We have already seen that the steady magnetic field H produced 
by a steady cxirrent i in an inductance is given by— 

H — Anni 

n being the number of turns per centimetre length of the cod. 

Suppose in a particular choke the steady field is {see Fig. 25) 
and that this gives rise to a total induction Bi, this being the total 
number of lines per square centimetre due to the applied magnetic field 
and to the intensity of magnetization / induced in the iron core by it. 



Fio. 26.—Curve illustrating the Variation of Inductance of an Iron-cored Choke 

with the Direct Current flowing through it. 


The relationship between H and B generally is 

B — H 4jt/. 

Now the magnetizing current i is not steady but has an audio¬ 
frequency ripple superimposed on it. Cohsequently the field H 

m dH. 

will not be steady but will fluctuate from, say, H H ^ to xi — ^ j 

the total swing being 6H as indicated in the figure. The oorre 

spending fluctuation in £ is 6B. Now the gives the value 

of the incremental permeability * // of the core, and it is this value 
of yu which is used in the formula 

L = ' Henrys, 

• The incremental permeability fi, which is a differential quantity, m^t 
not be confused with the permeability which is defined by the relationship 

B (i.e., total induction) 

^ Yi.e., total field) 

The latter is the gradient of the line OA ; the former is the gradient of the 
curve at the point A (Fig. 2-5). 
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from which the inductance of the choke is calculated. It is clear 
therefore that the incremental permeability, and hence effective 
inductance, will depend very greatly on the value of the steady 
field Hi and consequently upon the steady direct current in the 
windings. In general, for values oi-H exceeding a certain value 
which depends upon the magnetic properties of the iron in the 
core, the effective inductance decreases with increase in an 
experimental curve being shown in Fig. 26. Chokes must thus 
be rated to have particular values of inductance, when carrying 
particular values of steady current ; otherwise the specification is 
not of great use. 
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Introduction. If two conductors of different size are charged 
to the same potential (say by placing them in electrical contact 
and then connecting them to a dc source), they are found after 
separation to have different quantities of electricity on them. This 
may be shown by allowing each separately to give up its charge to 
an electroscope. The difference is due to the conductors having 
different capacities for electricity. The electrical capacity or 
capacitance of a conductor is numerically equal to the ratio of the 
charge to the potential. If C represents the capacitance and 


q the charge, then C = -=. 

Ml 


Essentially an electrical capacity or condenser consists of two 
conductors or plates separated by an insulating medium. In those 
just mentioned, the conductor formed one plate ; the insulating 
medium was air ; and the earth formed the second plate. More 
compact condensers can be made using small metal plates separated 
by a thin sheet of mica, or some other non-conducting medium. 

Most of the condensers used in radio are of this type. 

Capacitance of a ParaUel Plate Condenser. Consider a 
condenser consisting of two similar parallel plates, X. and T, eac 
of area A sq. eras., t cms. apart. Let the insulating medium or 
dielectric be air. (See Fig. 27.) If the plates have a surface density 
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of a units of electricity per square centimetre, then, since each unit 
charge gives rise to 4n lines of electric force, the intensity of the 
electric field X within the condenser is given by— 

X = 4na. 

Now the PD between the plates is obtained by integrating the 
electric intensity over the distance between X and Y. 



Other Dielectrics. If the insulating medium separating the 
plates be any other material than air or a vacuum, the capacitance 
of the condenser is usually found to be greater. The ratio of the 
capacitance with any medium as dielectric to the capacitance of the 
same condenser with air as dielectric, is known as the Specific 
Inductive Capacity (sic) or dielectric constant of the medium. 
Mica, which is extensively used in radio as a dielectric, has an sio of 
between 5 and 7. A more general formula for a parallel plate 
condenser is hence— 

C = /t— 

4Tli 

where k = sic of the insulating material betw’een the plates. 

Here, if t is expressed in centimetres and A in square centimetres, 
then the capacitance is given in absolute electrostatic units, i.e., 
centimetres. Now the practical xmit of capacitance is the farad, 
the capacitance of a condenser in which I coulomb of electricity on 
each plate sets up a pd of 1 volt between the plates. 

Then to express the practical unit of capacitance in terms of the 
cos system of units we may proceed thus— 

1 farad = 1 coulomb ^ 1 amp. for 1 sec. _ 10-‘ e.in.u.’s 

1 volt 1 volt 109“e.m,u7s' 

= 10“® e.m.u.’s of capacitance. 

As the farad is a somewhat large unit for condensers of practical 
use, a microfarad (10“® farad) or even a micro-micro-farad {10~^* 
farad) are the units in which the capacitance of radio condensers is 
measured. The abbreviations used throughout this book for these 
are respectively ftF and /y/F. We have thus— 

^ — 10~^‘ e.m.u.’s of capacitance. 

^ ~ 10 ~ 2 i e.m.u.’s of capacitance. 
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The relationship between the electromagnetic and electrostatic 
units of capacitance is as follows : 

1 e.m.u. of capacitance = e.s.u.’s of capacitance 
where c = velocity of light in vacuo = 3 x 10'® cms. per second. 

1 farad = 10“® e.m.u.’s of capacitance 

= 9 X 10" e.s.u.’s of capacitance, 
so that 1 fxF = 9 X 10* e.s.u.*s of capacitance. 

Now the formula G = k — gives capacitances in e.s.u.’s and so 


putting this into practical units 

A 1 

X 


C = k 


4jct 


= 8-84 X 10-8 X 


9 X 10* 
kA 

t 




;.F = 


hA 

0 - 0884 ^ 


in which t and A are in centimetres and square centimetres respec¬ 
tively. This formula may be rewritten 

kA 

G = 0-224— fXfxY 

h 

in which t and A are here expressed in inches and square inches 
respectively. 

Condensers in Parallel. Consider a number of condensers of 
capacitance Cj, C 2 , Os, etc., all connected in parallel as shown in 



Fio. 28.—Condensers in Parallel. 


J'ig. 28. Let the pd common to aU of them be E, and suppose their 
charges are gi, etc. Then— 

n —S'!, n < 7 , = — etc. 

The effective capacitance G of the combination will be given by 

ri + 9'2 + g3 + • ■ • 

^ ~ E 

CyE -YG^E -YC^E At • • • 





G = G^ + 0^ + G^■\- . . . 
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The effective capacitance of a number of condensers in parallel 
is thus the sum of their separate capacitances, the rule being similar 
to that for resistances in series. Practical condensers are constructed 
using this principle, as illustrated in Fig. 29, which shows an arrange- 



’Fio. 29.—Multiple-plate Condenser. 


ment using alternate sheets of conducting and insulating material. 
This can be regarded as consisting of a number of condensers in 
parallel and its capacitance is given by— 


^ nkA , 

C =- e.s.u. s 

47Zt 

= 8-84 X 10-» X — //F 

t 

where A = area of each plate in square centimetres, 
n = number of sheets of insulating material, 
k = sio of insulating medium, 

and t = thickness of each sheet of insulating medium in 

centimetres. 

Modifying this expression so that t and A are in inches and square 
inches respectively, we have 

yd 

C = 2-24 X 10-’ X //F. 

t 

Variable Condensers. For tuning purposes most receivers 

employ variable condensers constructed 
on this same principle. One set of vanes 
intermeshes with a fixed set, the dielectric 
being air, as shown in Fig. 30, which illus¬ 
trates a modern ganged tuning assembly 
consisting of two variable condensers 
mounted on the same shaft. 

As an example of the use of tlie above 
formula, we may calculate the maximum 
capacitance of a standard air-dielectrio 
tuning condenser. A typical component 
has moving vanes in the shape of semi¬ 
circles of diameter l> cms. There are 24 

spaces, the average thickiiess of the 
dielectric being 0 0(i cms. The capacitance is thus given by_ 



Fiq. 30.—Modem Two-gang 
Variable Condenser. 

{liy rourfeis» of Mt-gsrit. .1. h\ Ihihjin 
<(• Co. U,l.) 
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C = 8-84 X 10-8 


nkA ^ 

X - //F 

t ^ 


= 8.84X10-Bx^^^'^f %r 
= 0-0005 //F. 

This value has been accepted as standard for such condensers in 
this country at their maximum setting. The minimum capacitance 
depends upon the construction of the component and usually lies 
between 9 and 20////F. The ratio of maximum to minimum capacitance 
is not so great, however, in actual circuits as these figures suggest, 
owing to the inevitable presence of stray capaci¬ 
tances which reduce the ratio. Fuller details 
about the effect of stray capacitances upon the 
tuning range will be found in the next chapter. 

Another type of variable condenser greatly 
used to-day is the trimmer or “ semi-variable ”, 
a small component having a maximum capaci¬ 
tance, usually, between 30 /j/h¥ and 300 
Variation in capacitance is generally effected 
by a screw mechanism and their cliief applica¬ 
tion is in circuits such as if amplifiers and 
tuning assemblies where a number of resonant 
circuits have to be aligned to the same fre¬ 
quency, Further mention of these ^vill be 
found in the section on superhet receivers. 

Condensers in Series. In a circuit con¬ 
sisting of a number of condensers in series, as 
shown in Fig. 31, it is the charge q which is 
common to all the components, and so, if 
the capacitances are Ci, Cj, Ca, etc., and their 

corresponding pd’s E^, E^, E^, etc., 

q . ^ 9 



—T— 


mm^rnm 

--r— 


p’jQ 31 ,—Coutieiiftors 

in Series. 




etc. 


The total pd across the whole circuit is E, where 

E = Ex + Ei -\~ E:i + ’ • • 

The effective capacitance C is thus given by 


p _ i ^ __ 9 

E Ex+F.^-i- E 


+ 


1 
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This formula is similar to that for the effective resistance of a 
number of resistances in parallel. Note that if the circuit com¬ 
prises 71 condensers in series, each of capacitance then the 

O . . 

effective capacitance is given by . It is also interesting to note 

that if a large condenser is in series with a small one, then the 
effective capacitance is slightly less than that of the small con¬ 
denser, whereas if they are in parallel then the eflective capacitance 
is just greater than that of the large condenser. 

Thus the effective capacitance of a tumng condenser can be 
reduced by tlie addition of another fixed condenser in series. For 
example, the addition of a condenser of 0 00075 //F in series wth 
a tuning condenser of maximum capacitance 0 0005 //F gives an 
effective maximum capacitance of 0 0003 yt^F, whilst the minimum 

Q 

capacitance is scarcely affected. The ratio is hence reduced by 

inin. 

this addition, and it is simply shown that its value is given by— 

_ C, C\ -H C 

C\nin. C\-C\+C 

where Oj = maximum capacitance of variable condenser, 

Cl = minimum capacitance of variable condenser, 
and C ~ additional series capacitance. 

As Cl, Ci and C are all positive finite quantities, it is clear that 


C C 

this value of - must be less than -. 


If a fixed condenser be 


added in parallel Avith a variable capacitance, then the effect is 

C 

similarly to reduce the value of 
‘ ’ 

^ luiii. 



Fkj. (', 

flmixril from ii 
Bi)iir« 0 ()f C'oiistaiit 1‘otoii- 
tiul I'', via a KvHitjtanco li. 


With the same notation as before— 

_ c, c 

As will be shown later, these formulae 
may be used to calculate the values for 
“ padding ” and ‘ trimming ” capacitances 
tor ensuring correct “tracking” in super- 

C hots. 

Behaviour of a Condenser towards 
Direct Current. Consider a condenser C 
in scries with a resistance R connected to a 

t 

I source of constant electro-motive force, 
as in Fig. 32. The effective emp acting in 
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the circuit is ^ and so. applying Ohm’s law, E — ^ = RL 

Rearranaring this in terms of the variables q and ty we have • 

and in this form the equation is solved in Appendix V. 

There are two solutions. The first applies when E = E^, that is 
when the condenser is gradually acquiring a charge from a source of 
constant emf, Eq, via the resistance i?. This solution is 

q = CeIi - e"^)- 

The discharge of the condenser through R when the source of 
EME is removed obeys the equation— 

q = CEoe'^ 


which is the solution to ^ if g — CEq when t 0. 

(it o 

These two equations for the charge and discharge of a con enser 
are very similar to those obtained in the previous chapter or e 
growth and decay of current in an inductance. In fact, the curves o 
Fig. 16 apply equally well to the fluctuation of q during tec large 

and discharge of a condenser. , . . 

Time Constant. Just as in the case of the circuit con aming 

inductance and resistance a measure of the rate of growt or 
of the current was found, so now we can obtain a measure o 

rate of growth or decay of the charge. 

From the equation— ^ 

q = CEq . e 


the charge will have fallen to ^th of its original value when t CR 

and q = CE,.e-\ For this circuit, therefore, 
is defined as CR. It follows that the time for gro , . 

depends, not on the separate values of C or , u 
product. If C = 0.5 ^and F = 1 megohm (10* ohms), thenjhe 

time for complete discharge of the condenser is given y 

of t in the eqLtion e-' i 0, the only solution ‘o which g^^esj^as 

“ifinite. However, the time taken for the charge to fall P 

of its original value is given by— 

J log 100 = loge 10 = 2-3 seconds. 

Time constants of such systems o^‘“^“^^^''lyrther'^^referfnces 
resistance-capacitance coupled amphfiers, a 
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will be found later in this chapter and in the section dealing with 
that subject in Chapter VI. 

Behaviour of a Condenser towards Alternating Current. 
If a condenser C is connected across a source of alternating emf given 
hy E ~ Eq sin mi, and if there is no resistance in the circuit we have 

i = ^ = ^{CE) = </-^ = C^iEo sin cot) 

dt dr ' dt . dV 

= EoCco cos cot — E„Cco sin , 


from which it is seen that the current leads the emf by - radians or 

E 

90®. Comparison with i — for Ohm’s law shows that the reactance 

K 

of the condenser is given by the expression this being the 

ratio of the peak value of the emf to the peak value of the current, 
and not the ratio of instantaneous values. 

Fig. 33 shows the corresponding values of emf and current for 
a complete cycle of emf beginning and ending at zero. The pro- 



Fio. .33.—Rolatiotu^hip botwoon Current and kmf in ft Cftpftcitivo Circuit for ono 

Coinploto Cycle of emf. 

jection of OA on X F represents the magnitude of the emf and that 

of OB (90® ahead of OA) represents the magnitude of the current. 
Hence— 

reactance of condenser — Xr> = — = _i_ 

^ (oC 

In other parts of t!ie book we shall require the reactances of 
certain common values of capacitance to emf’s of particular fre¬ 
quencies, and to avoid continual calculation of these, il^gs. 34 and 35 
have been prepared. In these, reactance has been plotted against 
frequency, logarithmic scales being used for both to accommodate 
the large variations encountered. Fig. 34 is reserved for radio 
frequencies and Fig. 35 for audio-frequencies. 







Reactance, in ohms 


700^ 200 300 SCO 7 2,3, S, 10, 20, 30, 

kc/s kc/s kc/s kc/s Mcfs Mcfs Mc/s Mc/s Mc/s Mc/s Mc/s 

Frequency -► 

Fig. 34.—Reactance of Common Vnluos of Capacitance for Radio Frequencies 

between 100 kc/s and 30 Mc/s. 



Frequency, incyc/es per second 

Fig. 36. —Reewtanoe of Common Values of Capacitance for Audio-Frequencies. 
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If the circuit contains resistance, then the differential equation 
takes the form— 


^ sin cot. 


which may be written 


Ri di = Ef, sin (oi. 


Differentiating this with respect to t, and rearranging, we have 

di i E 


--- —— cos 0)t. 

dt^ RC R 


The solution to this is derived in Appendix V, It is 

1 


i = Ae c« -|- 



sin (cot + 0) 


+ 


where 


tan 0 = 


1 

^JCR' 


R 


a result analogous to that obtained for an inductance in the previous 

chapter. The first term disappears 
with increase of ^ leaving the second 
which represents a continuous alter¬ 
nating current of the same periodicity 
as the applied emf but which is ahead 
of the EMF by an angle 0, where tan 0 = 

This angle may be written— 



uiCR' 


1 


, . Xc o>C 

tan 0 = —^ = — 

R R 


reactance 

resistance* 


Fio. .30.—Vectorial Diagram for 
Resistance and Capacitance 

connected in Series with a . . i . i 

Sourceof AitornatingPotentiai. m which case it compares directly with 

the result for an inductance. The 
vectorial diagram is shown in Fig. 36, which show^ that the im- 


+ 


1 


pedance Z of the circuit is given by the expression /R i- 

a result which also follows from the above solution to the differential 
equation by comparing it with tlie corresponding statement of 
Ohm’s law. 






RATE OF WORKING IN A CAPACITIVE CIRCUIT 51 
The impedance of condenser and resistance in series is given by 


Z = R 


= R 

3 

ooC 





^7^2 1 ^ 


It is evident that the less resistance there is present in the circuit, 
the more closely does the phase angle approach the value 90°. In 
fact, a perfect condenser includes no resistance whatever and its 
phase angle is 90°. No practical condenser is perfect, however, so 
that there is always a slight difference between 0 and 90°, a difference 
which may be accounted for by assuming that a practical condenser 
is made up of a perfect condenser in series with a resistance. In this 

case the ratio —r-:-is known as the Q value of the condenser. 


resistance 


Thus 


Q = 


reactance X 


_ _ 


1 


= tan 0, 


resistance R coCR 
a result which corresponds with the notation for an inductance. 
Tuning and fixed condensers used in radio have much greater Q 
values than coils, which is another way of saying that the losses in 
condensers are smaller than those in coils.^ It is not unusual, for 
example, for a tuning condenser to have Q = 1,000, which is several 
times greater than the average value obtainable for tuning 
inductances. 

Rate of Working in a Capacitive Circuit. The rate of 
production of heat in a circuit containing a condenser and a resistance 
in series is given by— 

Ei = —. I Eo sin cot.io sin {cot + 0) dt 
T J< 

where T — ”, 


(jj 


Ei dt — 


Eoio 

~T~ 


i:" 


sin cy^.sin {ojt + 0) dt 


= -”-|cos O.J sin^ cot dt \ sin 0.J sin 2ajf dty 
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But, as shown on pages 31 and 32 : 


ri+T -ji ct+T 

\ sin^ cot dt = — and 1 sin 2(x)t = 0 

w h 

El dt = —^.cos 6— —^.cos d. 

T CO 2 

E i 

Hence, rate of working = 

= EMS voltage X rms current x cos 6, 

a result similar to that obtained for an inductance. 

The power factor in a series circuit of resistance and capacitance is* 

R 

003 B — T , which is approximately equal to RcoC when 

J^ 


1 

60 * 0 * 


R is small compared with as is usually the case. 

coO 

Since Q = -i— then Q = -“f—r • 

RcoC power factor 

If a condenser is not perfect, then 6 ^ 90® and the power factor is 
not zero. A practical condenser may be assumed to be a perfect 
condenser in series with a resistance, and the value of the resistance, 
if it is small, is given by— 

^8 = ^ = power factor x reactance 

coC 

reactance 

. 

As an example, suppose a mica-dielectric condenser of capacitance 
0-1 has a power factor of 0 001, i.e., a Q value of 1,000 at 
10,000 c/s. Since, from Fig. 35, Xe = 160 ohms, the series re¬ 


sistance — R^ T=Z 


reactance 


160 

1^00 


= J ohms. 


It is sometimes useful to represent the losses in a condenser 
as being due, not to a series resistance, but to a parallel resistance. 
For this case the phase angle,. is given by-— 

tan 0 = ^ = R^wC, 


where R^ represents the parallel resistance. 
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The power factor is thus given by 

1 


cos 6 = 


R 


X> 



1 \ 2 " a>CR^ 


R 


This approximation is justified as R^ will naturally be very large 
for a good condenser, so that negligible in comparison 

with co^U^. 

„ , . 1 reactance 

it- = parallel resistance = -^ = - 2 ^—— 

p ^ coOcos d power factor 

= reactance x Q. 

Using the same example as before— 

Rp = reactance X Q = 160,000 ohms approximately. 

The relationship between R^ and R^ is given by 

1 




(X) 


2 ^- 2 * 


Therefore 




— - P 

so that a parallel resistance Rp has the same effect, as far as phase 
angles are concerned, as a series resistance of 


1 

oj^C^R’ 


Leakage Resistance of a Condenser. If a cell be connected 
across a condenser a small current may be observed even after the 
momentary charging current has ceased. This is due to the presence 
of a resistance known as a leakage or insulation resistance between 
the terminals. In a good component the leakage resistance may be 
as high as 1,000 megohms, but it may be lower than 1 megohm in 
a poor one. Naturally the presence of this resistance increases the 
power factor of the condenser, though it should be realized that 
a condenser can have a poor power factor even though its insulation 
resistance is considerable. We shall return to this subject in the 
section on resistance-capacitance coupling in. Chapter VI. 

Uses of Condensers in Radio. In addition to the employ¬ 
ment of variable condensers for tuning purposes, which has already 
been discussed, the uses of condensers in radio can be listed as 
follows : 

Coupling. The output of a valve has both DC and AC com- 
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ponents, of which only the ac component has to be appUed to the 

next valve in the chain. Some device capable of separating the 

AC component from the dc component is hence necessary to couple 

valves together. An RC combination is frequently used for this 

purpose, as shown in Fig. 37. In this the generator is regarded as 
^ the source of ac and 

DC, while C and R 

are the coupling 

components. The 

insulation resistance 

of C should be very 

high in order that 

it shall behave as 

nearly as possible as 

Fio. 37.— Uao of a Condenser for Coupling a complete barrier to 

'^^irpoaea. jjp 'J'Jjq grid leak R 

is necessary for two reasons : firstly, it provides a path for the AC 
passing through C back to the generator ; secondly, as illustrated, 
it enables the valve F to be biased negatively by the cell S to a 
potential suitable for successful amplification or detection. 

The condenser C and grid leak R together form a potential 
divider, of which the total impedance, Z, is given by— 




so that the current in the circuit is given by— 



where Ei is the alternating output voltage of the generator, 
alternating pd applied to^the valve V is E^y where— 



The 


Therefore 



From this it is clear that decreasing the frequency and hence the 
value of 0 ) reduces the pd applied to V. This network has, then, 
a transmission characteristic w^hich falls at low frequencies. 
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Consider the frequency for which the reactance of C is numerically 
equal to the value of the resistance. We then have— 

Xc = R\ 

therefore —= R 

ioU 

1 


= R 


so that 


or 


a> = 


/ = 


CR' 


27iCR‘ 


At this frequency 


E\ 


is given by 

R _ 

R - jR 1 


E, 

E, 


20 log 


R - jR 1 -j.l ’ 

. . E2 1 1 

therefore , - 7^' 

E, Vl + 1 V2 

The loss in decibels at this frequency is hence given by— 

20 logio ^ = 20 logio ^ ^ 

= — 10 logio 2 — 3 dbs. 

This circuit then gives a loss of 3 decibels at that frequency which 
makes Xq equal R. 

Suppose, for example, C — O-Ol //F and R — 500,000 ohms. 
We can see from Fig. 35 that the reactance of a condenser of 

0*01 ^F capacitance is equal to 500,000 ohms at a frequency of 

about 30 c/s, so that this circuit will have a loss of 3 decibels at 
this frequency. At higher frequencies the loss will be less and at 
lower frequencies it will be more, so that we can say that these 
particular values of C and R will give reasonably level transmission 
over the af spectrum and hence are suitable values for inclusion 

in the coupling circuit of an af amplifier. 

If we double the capacitance of C and halve the value of R it is 
still true to say that Xo = at 30 c/s, and hence the loss is still 
3 decibels at this frequency. In fact, a series network in which 
C = 0-01 fiF and R = 500,000 ohms gives precisely the same 
frequency response as one comprising 0 02 ^«F and 250,000 ohms. 
This argument can be continued further, in fact, and we can say 
that any series network of C and R which is such that the product 
of C and R equals 0*005 seconds * wOl give this particular frequency 

* This is obtained by multiplying 0*01 fjF by 600,000 ohms : 

(0*01 X 10“® X 0*6 X 10® ~ 0*006). 
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response. In other words, the value of the time constant for such 
a circuit fixes its transmission characteristic. We shall prove this, 
generally. We have already shown that— 

h = ^ 

O 3 ‘ 


•‘-ic 


Therefore 


E, 


1 - 


ioCR 


1 - 


(OX 


where r = time constant = CR. 

• A 

“ E. / 




1 + 


(oH 


Transmission in decibels = — 20 logi© 


= — 20 logic ^ / 1 H- 


\E, 

\e. 




= - iolog,.(l +^.). 


which shows that the loss depends only on the frequency 

and the time constant x (i.e., the product of C and 72). We may 
conveniently restate the lost expression thus— 

transmission in decibels = — 10 logic (1 4- a*) 


in which a = — — . 

CUT (oCR 

Put a = 1. This gives coCR = 1 and hence R — 

(oC 

This is true, then, at the frequency for which the reactance of the 
condenser equals the resistance. For this value of cu— 

Loss = — 10 logic (1 + ot®) = — 10 logio2 = — 3 dbs. 

which agrees with the work above. By giving a various values we 
can prepare a curve showing how the loss of the circuit depends 
on the frequency. The curve shown in Fig. 38 applies to all series 
networks of C and 72 and is independent of their absolute values. 
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At low frequencies the curve is asymptotic to an attenuation of 
6 dbs. per octave and at high frequencies is asymptotic to a straight 
line parallel to the axis of a and equivalent to zero attenuation. 
In AF amplifiers the coupling circuits are generally required to 



give a frequency response that is flat over the range 30-10,000 c/s. 
Suppose we decide that the loss at 30 c/s shall not exceed 1 db. ; 
it will, from Fig. 38, clearly be less for all frequencies greater than 
30 c/s. From Fig. 38, a for 1 db. loss is 0-5 so that cot = 2 and 

n 

hence t = —. This is true at all frequencies for 1 db. loss. At 30 c/s 

CO 

2 2 1 1 

3142 X 30 

= 0 0106 secs. 

Any series rc combination for which CR = 0 0106 secs, will 
hence have the desired response. If we put E = 1,000,000 ohms 
we have that C is given by— 

^ 0 0106 p ^ 0 0106 fiF. 

1.000,000 

Other examples of rc combinations giving 1 db. loss at 30 c/s are 
listed below— 


R (ohms) 

C (pF) 

500,000 

0-0212 

250,000 

00424 

100,000 

0106 

50,000 

0-212 

10,000 

106 

1,000 

10-6 
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Similar arguments may be used for an RC circuit used as coupling 
between rf valves in a receiver covering the long, medium and short 
wavebands. We can take the lowest radio frequency received as 
150 kc/s (2 000 m.). If we fix the maximum transmission loss, as 
before, at 1 db., and if R is 1,000,000 ohms, then, by reasoning 
similar to the above, we can show that C must be ^12 Muc 

larger values than this are u.sed in practice, 100 /i/iF being a typical 
value for the capacitance of an RF coupling condenser. The reason 
for this is concerned with the input impedance of the valve following 
the grid leak R. At audio-frequencies this impedance is generally 
several megohms, so that its shunting effect on R is negligible and 
the performance calculatcl above for RC networks at audio¬ 
frequencies is realized in practice. At radio frequencies, however, 
as we shall see in Chapter VI, this input impedance may be only 
a few thousand ohms, so that the shunting effect is considerable 
and the calculation of the jierformance becomes more complicated. 
Further information about this subject will be found in Chapter VIII. 

Decoupling. If the high-tension supply to the various valves in 
a receiver is taken from a single source of some internal resistance, 
such as a dry battery, particularly one which is partially exhausted, 
then this source will carry a complex mixture of currents including 
direct as well as radio-frequency and low-frequency alternating 
components which are developed by the valves. Consequently, 
alternating pd’s will be set up across the battery, and if these are 
applied to the early valves in the receiver, regeneration and conse¬ 
quent instability may result. One way of avoiding this effect is 
to divert the alternating pd’s from the HT supply circuits by suitable 
filters. These filters need only consist of one condenser and one 
resistance each, as shown in Fig. 39, where iJiC, is an rf decoupling 



Fiu. 30.—Decoupling Filtors applied to rf anti af Valves. 
Zt onU Zt are tho rk and af coupling cotnpononts rospoctivcly. 
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arrangement and a corresponding filter for af stages. The 

choice of values for C and R is dictated by the requirement that 
Xq R for the lowest frequency at which the valve may be reqihred 
to work. By this means currents generated by the valve will pass, 
for the most part, through Ci and rather than Ri and 

Chokes may be used in place of decoupling resistances and tliese 
have the advantage that less steady ht volts are lost across them. 
Typical values for Ri and Ci for frequencies corresponding to 
medium wavelengths are ^,000 ohms and 0 01 /^F respectively and 
for 7?2 and at audio-fret^uencies, 20,000 ohms and 4/u¥ respectively. 
To confirm that these are suitable component values we can see 
from Fig. 34 that the reactance of a condenser of 0 01 /^F capacitance 
at 550 kc/s, the lowest frequency in the medium waveband, is about 
30 ohms, which is small compared with 5,000 ohms. Similarl 3 s the 
reactance of a condenser of 4 /yF capacitance at 30 c/s is roughly 
2,000 ohms, one-tenth of the value of the decoupling resistance. 

Smoothing. Large condensers of the order of 4 to 32 fxY are used 
extensively in conjunction with large inductances for smoothing the 
output of pulsating direct current from a rectifier, a typical circuit 
being shown in Fig. 40. This is an example of a type of circuit 


mains^^ 


? 


Rectiffer | 
nf Pulsating 

^ P.D. 

AC. \ 


9 


z 

C-, 


—I— 

* 

I 

Steady 
: P. D. 


Load 


1 


Fio. 40. 


known as a “low-pass filter”. Very brief!}'', iiie theor}' is that 
the condensers are charged up on peaks of the pulsating pd from 
the rectifier and discharge through the load during trouglis, so 
reducing the ratio of maximum to minimum emf. T^he conden.sers 
used are frequently of the electrolytic t^pe,^ i.e., they are com¬ 
ponents, having an anode consisting of an aluminium can, a dielectric 
which is a film of aluminium oxide onl}' a few molecules thick formed 
inside the anode by electrolj'sis, and a cathode which is a solution 
of ammonium borate, boracic acid, borax and similar substances 
contained within the anode. Alternative!}*, the electrodes jnay be 
aluminium plates separated by a textile impregnated \\'ith the 
electrolyte. 
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Due to the extremely small thickness of the dielectric, these con¬ 
densers are very compact, this being their chief attraction. They 
have a poor insulation resistance and low power factor compared 
with those having paper or mica as dielectric. The poor 
factor is largely due to the series resistance of the electrolyte. These 
condensers are generally irreversible (i.e., one particular termmal 
must always be connected to the positive terminal of the rectified 
output). They cannot therefore be used on ac circuits, but only 
on those in which ac is superposed on DC and in which the amplitude 
of the alternating potential is less than the steady pd so that no 
rever.sal to polarity can occur. They are thus particularly suited 
for use in smoothing circuits and in automatic bias circuits. 

Automatic Grid Bias. In this system a steady pd (known 
as grid bias) is developed across a resistance by passing the cathode 



current of a valve through it, as shown in Fig. 41. In this, V is 
an amplifying valve (a pentode is illustrated but it« screen and 
suppressor grid connections are omitted for the sake of simplicity), 
Z is the coupling component, 7?, the automatic bias resistance and 
Jij the grid leak. The current through 7?, (the cathode current) is 
composed of the electron streams to the anode, screen and (in valves 
which are more complex than pentodes) to any other electrodes 
which are at a positive jiotential with respect to the cathode. It 
is, in general, a mixture of ac and dc. Using this complex current, 
we have to develop a stcatly pd. The network 7?|Ci performs this 
function. The capacitance of Ci is so chosen that it« reactance, 


is small compared with 7^^ 


^being ecpuvl, say, to 



at the lowest 


signal frequency the valve is required to handle. 


By doing this 
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the greater part of the ac component of the cathode current will 
pass through and the DC will necessarily go through i?i, and in 
so doing provides the necessary bias. This may also be regarded 
as an example of the smoothing action of a condenser. Thi'' pd 
developed across is such as to make the cathode positive with 
respect to ht — and hence positive also with respect to the grid, 
since the grid is joined to ht — by the grid leak (or some other 
coupling component). 

Suppose the grid bias wanted is - 15 volts and that the total 
cathode current is 30 milliamps. From Ohm’s law the value of 
Ri required is given by— 


E _ grid bias voltage 
I total cathode current 


15 

30 

1,000 


= 500 ohms. 


If the valve under discussion is in an af amplifier, then 
should be about 50 ohms at 50 c/s. From Fig. 35 C should be 
about 70 //F. In practice, 50-//F condensers are generally used in 
AF amplifiers. They are usually small electrolytic components rated 
for a maximum steady pd of 50 volts or less. 

In RF amplifiers it is permissible to use much smaller capacitances. 
As an example, suppose is again 500 ohms and that the lowest 
frequency the valve will be required to handle is 150 kc/s. From 
Fig. 34 a condenser of approximately 0 04 //F capacitance has 
a reactance of 50 ohms at 150 kc/s. Values commonly used in 
practice are 0-05 /^F and 01 //F. 

If the by-pass condenser is omitted in an automatic bias circuit, 
then clearly there is no alternative path for the ac component of 
the cathode current, which accordingly goes through Ry in common 
with the DC part, and the valve therefore receives a grid bias which 
varies in accordance with the input signal. This does not cause 
distortion as one might on first thoughts suppose, but actually 
reduces distortion (and the amplification). This is, in fact, an 
example of current negative feedback and is more fully discussed 
in Chapter VII, 

Tone Control Circuits. Combinations of resistance and 
capacitance are frequently used for tone-control purposes in af 
amplifiers and receivers. We have already given one example of 
this earlier in this chapter, where it was shown that bass cut 
could be obtained from an rc coupling network by a suitable choice 
of time constant. Although inductances are sometimes used in 
tone-control networks it is more usual to employ resistances and 
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condensers only, the reasons for this probably being the following 
Condensers of the capacitance likely to be used in tone-control 
circuits are ustially cheaper and smaller physically than inductances 
of the value likely to be wanted. It is also easier to obtain or 
manufficture a condenser of a wanted capacitance than a coil of 
wanted inductance. Finally, condensers are of higher Q value than 
coils, i.e., their losses are considerably less than those in coils. 
In Fig. 42 suitable circuits are given for obtaining various commonly 
wanted types of fretjuency characteristic. 



(e) (f'> 

Combined bass and Combined bass and 

tr '•tie ^boost treble cut 

Ki(}. 42. 


From the curve given earlier in Fig. IIS (p. 57) it is an easy 
matter to desigt\ a sim])le coupling circ\iit of C and i? in series 
(illustrated in Fig. 42 (u)) to give a desired degree of bass cut. 
Suppose, for e.\am(>le, we rcipiire a fre(iuency characteristic that 
is 12 decibels “ down '* at 50 c/s. From Fig. US, a for 12 decibels 
“ cut ” is (Hpial to IhST. so that the re(|uired value of time constant t 
is given by 


T “ 


ae> IPS7 X "Inf 
0 (>00S2:i secs. 


:\ H1 V 0-2S4 X 50 




TONE CONTROL CIRCUITS 


63 


Before the absolute values of C and R can be calculated some 
further information about the circuit is necessary. It is possible, 
for example, that i? must be large compared with some other 
resistance (perhaps the anode load of a vaK’e). Suppose R is 
required to be 500,000 ohms. The value of C necessary is then 
given by— 



0000823 

500,000 


F = 0 00165 ^F. 


The frequency characteristic for these particular values of 
C and R is given in Fig. 43. If a steeper fall is wanted than is given 
by this simple circuit, then more than one RC combination will be 
necessary. A single rc circuit cannot attenuate more rapidly 
than 6 decibels per octave. 



Fig. 42 (6) shows a circuit which gives top cut This circuit, 
we shall assume, is fed from a source of constant current 7, a condi¬ 
tion which obtains if the circuit RC is the load of a valve and if 
R is small compared with the internal ac resistance of tlie valve. 
In these conditions the stage gain of the valve will be apj)roximateIy 
directly proportional to the impedance of the rc circuit, given by— 

- jRXc 

R-jXj 

% 

At low frequencies when greatly exceeds R, Z is approximately 
equal to R and the output developed across the circuit is given by— 


Ejy — 77?. 

At high frequencies, however, the shunting effect of C is not negligible 
and the output voltage is then given by— 

- ?7?Ac 
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Hence the loss in decibels at high frequencies is given by 

OA 1— " _ 20 log.n — - 


20 log.o ^ ^jXcIR 


= — 20 logio^l — 10 logio + 


-jXa 




= — 10 logic (1 d- a*)- 

This expression is of precisely the same type as that derived earlier 
for coupling (bass-cut) circuit. We can thus use the same universal 
curve (Fig. 38) for calculation purposes, provided we remember 

^ for the bass-cut circuit and that a = for this, the 

top-cut, circuit. A numerical example will make this clear. 

A pentode valve without negative feedback, and driving a con¬ 
ventional moving-coil loudspeaker, generally gives about 10 decibels 
more “top” at 10,000 c/s than a triode valve driving the same 
loudspeaker. Suppose we wish to correct this by shunting the loud¬ 
speaker, assuming its etTective resistance in the valve anode circuit 
to be 5,000 olims, by a condenser. What capacitance should the 
condenser have ? From Fig. 38 we can see that a = 3 for 10 decibels 

loss. 

Hence = 3 and therefore a>T = 3, giving 

5 3 3 

^ ~ 6^84 X 10* 

= 4-77 X 10“^ seconds. 

Any circuit having a time constant ot 4-77 x 10 ^ seconds will be 
suitable. An R = 5,000 ohms wo have 


C - 


4-77 X 10-^ 
5 X 10» 


5 


iCrOOl //F. 

The circtiit of Fig. 42 (c) gives “ bass boost” and is therefore 
frequently employed in an»plifiers used for the reproduction of 
gramoj)hone records in order to compensate for the recording 
characteristic which falls at low frequencies. Assuming that the 
reproducing head has a level frequency response,* wo require 
a response curve which, as frequency falls, begins to rise at about 

♦ This is fre<iuontly not justified in pn\ctico. A large percentage of 
pick-ups have a rising low-frc(pu>ncy response due to mt>chanical resonance 
in the carrying arm. 
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250 c/s and is about 12 decibels “ up ” at 50 c/s 
of the circuit of Fig. 42 (c) is given by 


The attenuation 


20 log 


10 


i?i 


in which Z is the impedance of and C in series, and in which 
the addition in the denominator is vectorial. 


Also 


Z — 


Therefore attenuation = 20 log^o 


- jXa 


( 1 ) 


+ Rz — jXq 

At zero frequency will be infinite and there will hence be no 
attenuation at all. At an infinitely high frequency will be zero 
and the network becomes a simple potential divider consisting of 

R 

and R^ in series, the attenuation being 20 logio ^decibels. 
We can say, therefore, that the circuit has an attenuation of 

R 

20 ^®Sio T) I p decibels at all frequencies for which the reactance 

lix + Rz 

of C is negligible compared with R^. This circuit is hence not so 
much a “ bass-boost ” type but a “ top-cut ” type since it gives 
a loss at all frequencies except the low ones. This is true of all the 
circuits illustrated in Fig. 42 which are labelled as providing 
“ boosts ” ; they all give a loss except at the frequency range 
which is being “ boosted 

R 1 

If we make ■= -= - (which requires that i?, = 5i?2), then 

111 + -^2 O 

the boost at zero frequency (strictly, the loss at all other frequencies) 
will be 20 logi© 6 = 15-5 decibels. At 50 c/s the loss will be le.ss— 
and we want less, namely, 12 decibels. The capacitance of C will 
decide at what frequency the “ lift ” begins ; the larger the capaci¬ 
tance the lower the frequency at which the boost becomes operative. 
We can say in fact that the lift will begin at that frequency which 
makes Xq. appreciable compared with R^. It will not be true, 
however, to say, as in other circuits discussed earlier, that the lift 
will be 3 decibels when X^j and R 2 are equal since the denominator 
in expression (1), above, also gets larger as X^j inereases, .so that 
the lift will actually be le.ss than 3 decibels at the frequency for 
which No matter what value the lift actually has at 

this frequency, we can take this frequency as being a convenient 
indication of the beginning of the “ lift We thus have the 


B.E.T. 


F 
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follow (’(jiiatioiis for a satisfactory jaMfonnanco from this circuit— 

^ at 250 c/s . . . - (2) 

/^i -- .(3) 

'flic absolute ma<,Mutu(lcs of 7j*,, R^ and C are not fixed by these 
(‘'jiiatioiis but by other practical considerations. If the circuit of 
Fiyr. 42 (r) is follow ing a valve, for example, it will be necessary to 
make the sum of R, and R^ fairly large (say. 10 times) compared 
with flic anode load of that valve, otherwi.so there will be an 
( fleetiVC reduction in tlie value of the load and consecpiently of the 
stage gain of the valve. Suppo.se the load is 50,000 ohms. Tlien 
R^ 1 7^2 should exe<‘cd 500,000 preferably, and it will be convenient 



to let 7(’| - .i(injM)0 and 7i*2 — P'O.iMm'( dims which satislies (3) above. 

^’|•<.m (2) 


A',- 


I 


I 


"7- ' ^ 100,000 ohms at 250 c/s. 

I 1 


(' - F 

2.t/A/. ()-2S4 X 250 X 100.000 

^ 0 (KM) //K. 

The nilciihil.-d ivsi.oiisc curve ol'llic circuit of Kig, 42 (c) usiiur ihesc 
purticiihir vuliics of If, ,,, 1(1 (' is civen in Fi^'. 44, 

Intor-electnuie Capacitances of Valves. Cu|mcit,uucs c.xist 

hetucen the various elect,„,lcs of ,i valve, a.ul althoiudi they are 
seldou, p.'cater than It) „„F they can exert considerable eirec'ts on 
the |,e,to,-,nance of fhe valves. Fartionlarly is this so for valves 
working at radio frefineneies, and it may be mentioned at this stage 
tliat the anode-grid eapaeitanee of a triode, an average value for 
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which is-5 renders it quite useless as a high gain rf amplifier. 
A fourth electrode earthed with respect to radio frequencies, intro¬ 
duced into the valve between the grid and anode for the sole pur¬ 
pose of eliminating this capacitance, can reduce this figure to about 

0-002 for tetrode valves, and these are quite satisfactory RF 
amplifiers. 

Generally speaking, valve capacitances exert small, usually negli¬ 
gible, effects at audio-frequencies. 

One feature of valve capacitances is that their power fiictor may 
be as high as 0-07, equivalent to a $ value of only 14. The interested 
reader will find further information in an article by Hartshorn.^ 

Coil Self-capacitances. The fact that coils behave as resonant 
circuits, even without the addition of a tuning condenser, shows 
that there is a certain capacitance inherent in the windings. This 
is frequently a nuisance since it reduces the impedance of the 
inductance and precautions are usually taken to minimize self¬ 
capacitance. in the design of multi-layer solenoids, by such artifices 
as winding the coil so that the neighbouring layers of wire are at 
practically the same potential and keeping the first and last layers 
of the winding well apart. Tlie method known as “ universal ” or 
“ wave-winding ” generally gives a low self-capacitance. An 
average value for this self-capacitance for well-designed rf tuning 
inductances and rf chokes is 4 ////F. Some formulae quoted for 
the self-capacitance of single-layer coils give its magnitude as lyinff 

, R . 3E ^ 

between — ana —^ where R is the radius in centimetres. 
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In radio work, circuits consisting of an inductance and 
capacitance in series are frequently encountered. For mathematical 

analysis such circuits are drawn as in 
Fig. 45 where R represents the effective 
series resistance of the inductance and the 


] 


capacitance at the frequency ^ of the 

2,71 

applied alternating emf. In many such 
cases the resistance belongs almost exclu¬ 
sively to tlie coil, and even here it is often 
very small numerically compared with the 
reactance of the coil. Nevertheless, the 
effects of even a small resistance upon the 
behaviour of such a circuit towards alter- 

Fia. 45.-Tho Eq,.ivnlo„t current are far from negligible, as we 

Circuit for ft Coil and Cotx- shall see. It must be remembered, if L 


© 


s/n (4>t 



denser in Series 
shown abov’o. 


IS 


represents a tuning inductance, that the 
ohmic resistance of such a component forms 
a very small part of the effective resistance at high radio frequencies. 
Equating the emf’s in the circuit we obtain— 

sin co< - = i?;: + ^ I i dt. 

Differentiating this with respect to t and rearranging, we obtain 
the result— 

E^(o 

- -f- cos a>/, 

JLj 

a differential equation of the second order. The solution is derived 
in Appendix VI, and is— 


d^i R^di i 

dt^ L'It LC 


I = 




J 


R^ 


.t y 



+ R 


sin (ft)f — d). 


s 
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in practical circuits R is usually negligible when compared with L 

R^ j 

so that the term may be neglected in comparison with in 
wliich case the solution simplifies to— 

i = '^sin (— - - \- y 

Wlc ^ 

E, 

+ ■"/ : “ “ - ^2 ----—-.sin (cot — 0). 

- Sc) + ^’ 

F and y are the arbitrary constants of integration and 0 is given 
by the equation— 

Leo — ~- 

, <oC 

tan d —--— . 

R 

The first of these two terms represents an shm of variable ampli- 

tude Fe As shovm in Fig. 46, this amplitude, and hence the 

current represented by this part of the solution, gradually dies away 




with increase of t. It is interesting to note (vide Appendix) that this 
term is the solution to the differential equation— 

dH Rdi i _ 

^ L'Jt ^ LC^ ' 

and so represents the cuiTent which flows when there is no source of 
emf in the circuit, i.e., when the circuit is closed. It is the current 
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which flows if the closed circuit is shock-excited by, say, charging 
tlie condenser and allowing it to discharge into the circuit. The 

period of the sum is approximately 2 .'t V "LC so that the frequency is 

“—should be noted that the discharge of the condenser is 
'Zn V L/(J 


only sinusoidal if £ < 2. If > 2, then the discharge is 

aperiodic. 

Ihe second term of the solution represents a continuous alternat- 


^ < 2. If i? 


1 


ing cuiTent of amplitude 


Leo — 


i) 


-and of frequency 


i.e., the same frequency as the applied erif, but not necessarily 
the same as that of the first term. The expression 


V(- - i.) 


4- 


is known as the impedance of the circuit. If the inductive reactance 
is greater than that of the condenser then the cuiTent 

lags behind the ERUi* by an angle 0 where 


tan 0 — 


Iao — —- 
ioC 


but when Loj < the current leads the emf by 


R 



I-IO. 47. -Md.lifir.l \Vi4or Oia^min for 

Iniluc-fanoo.C’upm ituneoaiul Kosislunco 

mSorjos.showing He,siil(um Impodanco. 


tan _ _ 

R 

As in earlier chapters the first 
term of the solution has the pur¬ 
pose of accounting for the fact 
that both cuiTcnt and emf may 
be zero when t is zero. 

Ibis information can be con¬ 
veniently represented by a vector 
diagram as shown .in Fig. 47. 
1 he method and notation are 
those used previously in the case 
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of the inductance and resistance. The amplitudes and jiliases of 
the emf’s in the various parts of the circuit are as follows ; 


Component 

Ro.sistanco 

Capacitnnco . 
Inductance . 


in Fi;:. 4' 

Henctanco mj; 

or n<‘.«.istiinoo <.>r 

Resi.st niu*o Jxcuct a tu-o 

R OA 

oTc 

Leo OC 


The figure is shown for tlie case wlien Lr ) > 


1 


is seen to be, from Pythagoras’ theorem, 



oC ’ 

Leo — 


I’lmse of i:.\ii- witli 
i< .'^poct to cuiTi-nt 
t}iro\j[;li I'liY'Uif 

O' (i.f,, ill jiliasc) 
90 bi'liind 
90" alioad 

The impedance 

1 N2 


OJ 


c 


4- R-, and 


Lo) — 
R 


1 

0)0 


the pliase of the resultant (applied) e.mf is clearly tan” * 

ahead of the current, both results agreeing witii the ]>revious work. 
The impedance may be written in tiu* form 

Z = R ^ j{Xj ~ X,) 

?jving 1^1-- v7e2 4- (A7. - A',.)“ 

and the ])hase angle may be expressed 

0 - tan~^ •' ^ . 

^ V 

Resonance. By varying / and hence to it is always possiijle 

to make Leo = —When this occurs the imi)edan<'C of the circuit 

reduces to R and the phase angle of the ai)jdied emf with res])e(‘t to 
the current to 0°, i.e., the current is now in pliase with the a})i)lied 
E.mf and proportional to it at any instant. Since tlie impcilanre 
of the circuit is now a minimum, the current in it is at a maximum. 

^\^hen this occurs, i.e.. when Lm — the circuil is said to rc.'sonal(‘ 

(oC 

at that particular freciuency which makes this true, oi- to be ■ tuned 

1 

to that particular frccpiency. For the resonant freijiumcy Lo,, 
where (Oo = resonant pidsatance. 


' y 




• • (On - 


1 


\ LC 


a 

fo ~ wliere /„ — resonant fre(pien«-v. 

'2rz\'L(: 

Tn this very well-known formula, / will be in c\ ele. ja-r second 
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provided L and C are expressed in the same type of unit. This 
result is a natural consequence of the dimensions of L and C and is 
proved in Appendix VII. If we choose to express L and C in 
practical units (henrys and farads respectively) we have— 


/o = 


2^1 ‘\/Ly\Cp 

or using the smaller microhenry and microfarad, which are more 

convenient for use with rf circuits— 

. _ 10 ® 

/o - 


This gives 


271 y/ Li,iiC 


fka/a — 


159-2 




For short wave circuits it is possibly more convenient to express C 
in micro-microfarads. We can then say— 

159-2 



For use in audio-frequency circuits it is preferable to keep L in 
henrys and C in microfarads, thus— 



159-2 


It is worth noting that this resonant frequency is the same as that 
of the current which flows momentarily in the tuned circuit on shock- 
excitation. Hence a resonant circuit oscillates at its resonant or 
natural frequency when it is forced into oscillation. This result 
compares with the behaviour of a piano string which vibrates at its 
natural period when the instrument is suddenly jarred. 

If ^0 — resonant wavelength of tuned circuit in metres, then— 
/oAo = 3 X 10® 


and Ao = X 2-'T^^4u^\F 

/o _ 10® 

= 1(885 

The natural wavelength thus depends on the square root of the 
inductance and the capacitance. One can, then, alter the resonant 
frequency by varying L or C, but it is usual to vary the capacitance, 
owing to the relative ease with which variable condensers can be 
manufactured. Nevertheless, much attention has been pai'd recently 
to the design of variable-inductance tuning, and impetus has been 
given to this research by the introduction of dust iron cores, for it is 
a comparatively simple matter to design a movable iron core by 
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means of which the inductance of a coil can be varied. The if 
transformers of many modern receivers are fitted with this adjust¬ 
ment, the method being termed “ permeability tuning 

Resonance Curves. If a "Series-tuned circuit is connected to 
a source of alternating emf oT constant amplitude but variable 
frequency, maximum current flows in the circuit at resonant fre¬ 
quency and the amplitude of this current is inversely proportional 
to the effective resistance in the circuit. It is therefore directly 
proportional to the Q value for the coil ; (strictly to the Q value of 
the coil and condenser in series, but as the losses in condensers are 
usually less than those of coils the resultant Q will not differ greatly 
from that of the coil). At resonance— 

. _Eo _ Eo _ E^Q 

° R Lo> Loj' 

^ G 

But Eq^ L and co are all constants, 
therefore oc Q. 

The current flowing at other frequencies can be calculated from 
the relationship— 

amplitude of current ^ 

- i)‘ + 



Resistance in the Circuit. 

Resonance occurs at / = 705 kc/a. 

The resonance curves shown in Fig. 48 have been calculated for 
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a medium-wave series-tuned circuit with the following character¬ 
istics : 


Curve 


Inductaiico 

t'upiu-itanco 

KlTt‘u(ivo Kotiistaiice 

Q value 

(a) . 

• 

170/ill 

0 0003 /tV 

7-5 ohms 

100 

{b) . 


170//li 

0 0003 /iF 

10-0 olims 

75 

(c) . 


170 /iH 

0 0003 /iF 

15-0 ohms 

50 


The Q values were evaluated for the resonant frequency, i.e., 
705 kc/s (accurately 704-7 kc/s). 

In Fig. 49, curves {h) and (c) have been scaled up so as to have the 
same maximum value as («). Curve («) represents the performance 
of an average coil. Its response at the resonant frequency 705 kc/s 



Fig. 49.— The Rosponso Curves t)f 4S sailed up so as to have 

tho same Maximum. 


is given by the height of the ordinate. 0-18:1. At 10 kc/s from 
resonance the response is down to 0-045. d'he audible loss is hence 

OA 1 

decibels. This sharpness of tuning, or selec¬ 
tivity, has thus a disadvantage, tor, suppose a broadcasting station 
tiansmits sidebands corresponding to all audio-tre(.|ueiu*ies up to 
10 kc/s-c(|ual^ly well. If the carrier fretiuencv is 705 kc, s. then the 
sidebands will extend from lit»5 kc s to 715 kc s. At both of these 
fretpiencies curve {a) is 4-7 decibels down. 'I’his means tiiat atiy 
receiver liaving tuned circuits with a response similar to that of 
curve ((/) (assuming no corrective measures are applied in the 
At amplitier) has a slight loss of high notes in its reproiluetion. 
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This is known as “ sideband 
cutting ”, and this type of dis¬ 
tortion, frequently introduced in 
the BF circuits of a receiver, which 
is characterised by unequal ampli¬ 
fication in the audio-frequency 
range of the receiver, is known 
as “ frequency distortion To 
avoid it, the tuned circuits should 
have a Response similar to that 
shown in Fig. 50. This ideal re¬ 
sponse curve has straight sides 
spaced about 20 kc/s apart. 

Needless to say, it is impossible 
to achieve such a curve practi¬ 
cally, although a band-pass filter 
(see later pages) gives a good approximation to it. 

Amplification of Series-tuned Circuit. If an alternating 
potential E = Eq sin coqI, be applied to a series-tuned circuit which 

resonates at the frequency/o then the current which flows 

is given by— 

Eo . 


/C? ! 70 

''kc.''kc: 

Frequency 


50.—The Ideal Tuned Circuit for 
Broadcast Reception should have a 
Response similar to that shown. 


% — 


R 


Sin 


and the pd set up across the inductance L is hence— 

EqLcjq sin 

R ’ 

= EoQ,sin coot. 

The amplification is therefore = Q, so that Q is a direct 

Eo sm coot 

measure of the amplification of the circuit. 

The Parallel-tuned Circuit. Modern radio technique makes 
extensive use of the parallel-tuned circuit. This is illustrated in 
51, from which it is seen that the circuit itself is identical with 
the closed series case, and hence the natural frequency of oscillation 
or resonant frequency is given by the same expression 

/ - 10^ 

271 a/ 

m both cases. The formula for the natural wavelength 


also applies to both. 


^ = 1,885 
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The difference between the two cases lies in the method of 
applying the emf. This makes a difference in the impedance of the 
two circuits at resonance. 



Fio. 51.—Parallcl-tiinod Circuit. 


m 


Impedance of Parallel-tuned Circuit at Resonance. For a 
series-tuned circuit it is the current which is common to all the 
components, and the emf’s across the components which have 
various phase angle differences with respect to the current. Here 
it is the EMF which is common to two branches, and the currents 
in these branches which have different phase angles with respect 
to the EMF. 


C 



Fio. 52.--Voctor Diagram for Parallel Resonance, illustrating AdmittAnoes of 
Inductance {OB), Capacitance (OC) and of Complete Circuit (OD), 

Let the horizontal line OA (Fig. 52) represent the phase of the 

applied EMF. Then the amplitudes and phases of the currents in the 
two branches are as follows : 
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(1) in the inductive branch the magnitude of the current is 
■E'o 

amplitude of the applied emp, and the 
current lags behind the emp by an angle 0 where tan 0 = —. The 

R 

current may thus be represented fully by vector OB. 

(2) in the capacitive branch the current has a magnitude of 
EqO}C, and it is 90° ahead of the emp, being thus represented by OC, 

The resultant current is hence represented in amplitude and 
phase by the vector OD. Just as we saw in Chapter II that the 
common term could be omitted from the diagi'am, so here we may 
eliminate the term from the various vectors. By doing so, each 
vector represents by its length the reciprocal of an impedance or 
reactance. This is termed an admittance. This step has been 
taken in Fig. 52. OD in this figure thus indicates the reciprocal of 
the resultant impedance of the parallel-tuned circuit. 

If Z is the impedance of the inductive and capacitive branches 
in parallel we have— 


X 


so that 


Z 


Z = 


R jojL 

1 


+ jo)C 


1 


+ joiC 


R ')OiL 

j(oL -h R 


1 + joi)C{jcoL + R) 

_ jcoL + R 

1 + jojCR — (o^CL 

At the resonant frequency of the parallel tuned circuit 1 
s-nd hence— 


- co^CL = 0 


As we 


_ jo}L H- R 
~ jcoCR~ ' 

have already seen, R is usually negligible compared with ojL. 




L 

CR' 


This quantity is a pure resistance if R is small, so that the 
current in the circuit at resonance is in phase with the emf. 
Accordingly a better symbol than Z is R^, which will be used in 

future reference in this book, is known as the dynamic resist- 

CR 

ance of the circuit and it is easily shown that R^ = QL(o, so that 
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at a given frequency and for a given inductance the dynamic resist¬ 
ance is proportional to Q, the magnification of the tuned circuit. 
It will be shown in Chapter VIII that the gain of an kf amplifier 
is directly proportional to R,i. It is at once evident that the sensi¬ 
tivity of a parallel-tuned circuit will vary over tlie waverange 
covered. For as C increases the resonant frequency decreases, and 
so R, the effective resistance, decreases : but this decrease does not 
compensate for the increase of G, and thus we may deduce that the 
sensitivity will decrease as tlie frequency decreases. 

As an example, suppose a medium-wave parallel-tuned circuit 
covers the range of frequencies 550 kc/s to 1,500 kc/s. For a given 
inductance the waverange covered depends upon the square root of 
the capacitance, and lienee the condenser in this circuit changes its 

capacitance in the ratio obtain an approximate 

answer, we will assume that the effective resistance varies directly 
as the frequency, although we have already seen that the actual 
increase is greater than is given by this assumption. The dynamic 

resistance will thus vary in the ratio : 1 a^'tl the loss in sensi¬ 

tivity over the waverange covered will be given by— 

1,500 


20 log,o 


550 


= 8-5 decibels. 


The actual loss will be less than this since the effective resistance 
increases more rapidly with increase of frequency than we assumed. 
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Fio. 53.—' 


frequency^ !n kc/s 

•Variation of Sensitivity of MoUiuin-wavo Cinniit with Kivnuonvy. 

Fig. 53 shows an experimental curve for the relative change in 

sensitivity of a medium-wave tuning circuit, similar to that which we 

have been considering, and it is seen that the loss in sensitivity at the 

low frequency end is 7*5 decibels, which agrees well with our approxi¬ 
mate answer. 


IMPEDANCE OF PARALLEL-TUNED CIRCUIT 


Fi". 54 illustrates the variation in dynamic resistance with 
frequency for air-cored and iron-cored medium-wave tuning circuits, 
and shows the su])eriority of the latter over the former. We may 



{lUf 4tf Cafvt’n}.) 

say. very roughly, that for air-cored coils Q is independent of 

frequency and for iron-cored components the dynamic resistance 
is constant. 

The dynamic resistance may also be vTitten— 

/C, = QL(o = 

from which it is clear that the response at resonance is directly 
proportional to Q. In the series-tuned circuit it was the current 
which varied as Q. Thus it is found that the curve of impedance 
plotted against frequency for a parallel resonant circuit has a similar 
shape to the current-frequency curve for the series case. In both 
circuits the maximum ordinate is proportional to the Q value of the 

circuit. 

Fig. 55 shows experimentally obtained curves for a medium-wave 
coil of inductance 157 //H tuned by a variable condenser of maximum 
capacitance 0-0005 //F, at 1 ,400 kc/s, 1 ,000 kc/s and 550 kc/s. Note 
that the selectivity depends upon the resonant frequency, increasing 
as the frequency decreases. This effect will be discussed later. In 
these curves the response off tune is expre.ssed as a percentage of the 
maximum ordinate at resonance, so that all the curves have the same 

maximum. 
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Mc/s off tune 

Fio. 55.—Reaponso Curves of Medium-wave Circuit at Three Frequencies 


The response off tune is expressed as a percentage of the resonant response. 


{By courUsy of Mes»r$. Co/wrn.) 


Maintained Oscillations. Suppose in the differential equa¬ 
tion—r 



which applies to both the series and parallel resonant circuits when 
there is nO applied emf, we put i? — 0. The equation then reduces 




The solution to this can be obtained by putting i? = 0 in the solution 
to the first equation. It is— 


i = F sin 



i.e., it represents an alternating current of constant aiiTj^Utude 

Fy oscillating with a period 2 .t VLC, the resonant period of tlie 
tuned circuit. If, therefore, a resonant circuit is connected to a 
source of negative resistance so that the effective resistance of the 
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circuit is neutralized, then continuous oscillations will be generated. 
Such devices are an arc lamp, a neon lamp, a screened-grid valve 
connected as a dynatron (see Chapter IX) and a triode with posi¬ 
tive feedback, all of which may be used for generating continuous 
oscillations. 

If the effective resistance is not quite neutralized but is reduced to 
a very small amount, thefi the circuit Q is increased considerably, 
giving enormous amplification at resonance, and consequently 
increasing sideband cutting. 

Selectivity. The current flowing in a resonant circuit in the 
absence of an emf is given by— 

-7^ + y), 

VLC / 

the curve of which is illustrated in Fig. 46. The ratio of one ampli¬ 
tude to the next is a measure of the damping present in the circuit, 
and is known as the decrement. Considering the ratio of successive 
amplitudes on the same side of the time axis, we have that— 


/ 

= Ft 2 L * sin 


decrement = ratio of one amplitude to the next = 


-F / 
Ft 2V 




where 
This gives 

Hence— 


T = time for one complete oscillation. 


R T — 
decrement = = t'^f'f. 


E 


logarithmic decrement = 

If we define selectivity as the reciprocal of this—- 

, . . 2Lf Leo Q ^ 

selectivity = 

We have already seen that the variation in the capacitance of a 
medium-wave tuned circuit is greater than and of opposite sign to that 
of the effective resistance. The square root of the capacitance, how- 

over, has a smaller variation than the effective resistance. Thust e 

expression _L /? which represents the selectivity of the circuit will 

7tR\J C . j ■ 

decrease as the frequency increases, a fact well illustrated m e 

curves of Fig. 55 . 

Selectivity is thus proportional to the circuit Q. C is there ore 
soen to be a very useful factor, being a direct measure of the magm 


G 
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cation and selectivity of tuned circuits. It is extensively used for 
comparing the performance of two coils which have different induct¬ 
ances, dynamic resistances and working frequencies. 

Thus, if we compare the (?’s of two dissimilar tuned circuits in 
order to assess tlieir relative selectivities, we shall be, in effect, 
conqiaring their n'lafive responses to signals which are displaced 
from the resonant frequency by a certain fraction of the relative 
fre(]uencv, \shi(‘h is hai'div a fair nudhod. Ib’oadcast ti’ansmi.ssions 
on tlu' long wavc-s have sidebands extending to 4 |X‘r cent, of the 
carrier freejnenev on eith(‘r side of the carrier, wlu'reas on short 
waves this percentag(‘ may he considerably less than Circuits 

are tlius r<'(piii-ed to have much greattu* seh'ctivities at high fre- 
(|U(‘nci(‘s than at low. to give an e(pial response to the sidebands. 
\\’h('n comparing coils with ditb'rent resonant frccpiencies, tlierefore, 
one shouhl assess their relative ])erformance towards aece|)ting 
sid(d)ands hv the fractioi^ — 

selectivity '2L 

fre(pien<*y /? 

If it is reqtiired to extend the bandwidth accepted by a coil, this 
may be done by increasing the effeedive resistance R. It is not 
necessary to place the a<lditional resistance in series with the coil, 
for a parallel resistance will have the .same effect. The relationship 
between the parallel and series resistance to give the same etfeet, is— 

ts 


u 


n 


R./' 


a formula very similar to that for condensers. A resistance of 


Lt-(o 


one another 


in })arallel with an inductance has exactly the same effect as a resist¬ 
ance of R^ in series with it. 

Coupled Circuits. If two iiuliudanees and are near 

and if a var\ing current fl(nvs through one of them, 

then the varying magnetic thix 
which cuts the turns in the other 
will set up an k.mk in this second 
inductani'C. the magnitude of which 
will di'pcnd upon their proximity 
ami relative posititms. 

d'he number of linkages of mag- 
!\etic Ilux with turns of wire in 
whe»i unit emrent tUm-s in is 
known as the mutual inductance existing bet ween the two circuits, 
and it is usually denoted by M (see Fig. otl). J/ may also be defined 




O 

o 


Af 
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as the number of linkages of magnetic Hux in when unit current 
flows through L^. If all the lines due to the current in pass 
through i/ 2 , which happens wlien botii coils are wound on the same 
former, so that they are practically coincident, then the inductances 
are said to be perfectly coupled. Suppose and are long 

compared with their diameter so that we may write— 

Li — and 

where rii and — number of turns per centimetre on and 

respectively, 

I = length of Li and in centimetres, 
and A = cross-sectional area of and in square 

centimetres. 

Then the magnetic field due to the current in is lines per 

square centimetre and the total induction = 47in{iA lines. Hence 
the total number of linkages of lines with conductors in L* for unit 
current in is given by ^titIiA x ; 

therefore M = -^nnxHA x ^nUzHA 


Note that the emp set up in due to the variation of a current i 
in Li is given by— 



which compares with E = — L 


di 

di 


for self-inductance. 


If the coupling between Li and is imperfect; which occurs when 
some of the lines from one coil do not thread the other, then— 

M = kVL^Lz, 

where A; is a factor numerically less than unity, kno\\Ti as “ the 
coefficient of coupling 

Consider two identical coils of inductance L, quite uncoupled. 
If they are tuned by similar parallel condensers of capacitance C 
they will resonate at the same frequency /o given by— 


271 VLC ' 


Suppose now the inductances are placed close together so that 
a coefficient of coupling k exists between them. It is found that two 
resonant frequencies /i and fz now exist, given by— 


/i = —and fz = 


Jo 


V\ k 

This result will be proved in Chapter VIH. 


Vl - k 
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Provided k exceeds a certain value, the response curve of such 
an arrangement shows two peaks, which are close together if is 
small, and further apart if k is increased. By making k sufficiently 
small the two peaks can be made almost to coincide. To illustrate 
this, Fig. 57 shows experimentally determined curves for various 
values of k for an if transformer consisting simply of two similar 
tuned circuits coupled as already described, which resonates at 



Fio. 67.—Resporv^o Curves, for Various Degrees of Couplmg, of a llO-kc/s 

IF Tmusfomier. 

{liy tourU$y of Co/rrm,) 


110 kc/s. Fig. 57 shows tliat the high-frequency peaks are higher 

than the corresponding low-frequency ones. This is presumably 

due to the Q’s of the coils increasing with increase of frequency, 

for, if tlie Q s remain constant, it is the low frequency peaks which 
are the higher. 

The peak separation —/j = fjk ~ V\ — k^ 

~ t 

Therefore /,-/,= 



if k is small. 
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Hence the peak separation is proportional to the resonant 
frequency and to the coefficient of coupling provided the latter is 
small compared with unity. 

It will be readily appreciated that a flat-topped response curve 
such as these two coupled circuits can give with a suitable degree of 
coupling approaches very closely that of the ideal curve of Fig. 50. 
Provided the separation of the peaks is of the correct value, it permits 
reception of all the sidebands witiiout 
appreciable attenuation of the upper 
motes, and yet has very steep sides 
giving very poor response to neigh¬ 
bouring carriers. Such an arrange¬ 
ment is known as a bandpass filter. 2 . ^ 

Most IF transformers are designed 
on the principle of the bandpass filter. 

As the resonant frequency of an if 
transformer is fixed, by varying k we 
can alter the bandwidth and hence 
the selectivity of the superheterodyne 
receiver. A convenient method of 
varying k is illustrated in Fig. 58, 
where one of the coils is seen to be 
fixed and the other can be rotated by 
a control knob. 

If a filter with constant inductive 
coupling is used to cover a wide wave- 
rangC, then the bandwidth will vary. 

This is illustrated in Fig. 59, where the . 

_ 1 r . 1 Fig. 58.—Sectional View of VAn- 

response curves are shown for the same ^^le Selectivity if Transformer. 

filter at three frequencies situated in the [By courUfiy of Messrs. Sound Sales L(d,) 

medium waveband, k is about 0-01. 

In order to keep the bandwidth constant a combination of 
inductive and capacitive coupling must be used. One method of 
achieving this desirable result is by using a “ mixed coupling. 
The mixed coupling may take the form of mutual inductance 
between the inductances, together with a common capacitance at 
the “ bottom ” end of the coils or at the “ bottom ” end of the 
tuning condensers. 

The Transformer. Two coupled circuits form a transformer, 
and transformers are extensively used in radio for a number of 
different purposes. Before listing these it is convenient to consider 
some elementary properties of transformers. 
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If the component is iron-cored, then if the primary inductance 
is Li and the secondary inductance we have— 

Li = 4:;Tni^Al 

and L 2 = 

where all the symbols have the meanings previously assigned to 
them. From this— 


L 2 

L, 




where 



K is the turns ratio 
follow are— 


and 


of the transformer. 



Other results which 

. ( 1 ) 
. ( 2 ) 


where and\Sj are the amplitudes (or rms values) of the alternat¬ 
ing emf’s in the primary and secondary windings respectively, and 
Ix and 1 2 are the corresponding currents. 

Multiplying (I) by (2) gives— 



Kh 

/. Ex 

Rx 


= 


where and 7?i are the total resistances in the primary and 
secondary circuits respectively. Division of (1) by (2) gives— 

Exh = A,/.. 

i.e., power in primary circuit = power in secondary circuit. 

This is only true for a transformer in which no losses whatever 

occxir ; in fact, for a perfect or ideal component. In practical 

transformers there are usually q\iite a number of sources of power 

loss, most of which cause the component to become warm in 

operation. The chief sources of power loss in an iron-cored com¬ 
ponent are as follows : 


wiiuungs 
and 


(1) in the resistance of the primary and secondary wnui 

These are generally referred to as “copper losses” «ii 
are obviously most important in very small components 

(2) in the form of eddy currents. If a transformer has t 
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solid core of soft iron tliis behaves as a short-circuited 
secondary winding and considerable power can be lost in 
this way. This iron loss ” can be minimized by con¬ 
structing the core of a number of thin strips or laminations 
which are electrically insulated from each other ; 

(another “ iron loss ”) due to the nature of the soft iron 
used in making the laminations. This should be particu¬ 
larly soft, i.e., of very low hysteresis loss. Special alloys 
are used for this purpose ; 

due to imperfect coupling between primary and secondary 
winding. We shall return to this subject later. 



Fia. 59.—Respoiusc Curve of Medium-wave Bancl-pass Circuit with ti-xed Coupling 

at Tliree FrcMjucncies. 

(By courtesy of Messrs- Colvern.) 


Transformers mav be considered to serve three distinct purposes 
in radio : sometimes they may perform all three simultaneously. 
Firstly, they may be used as coupling components at audio- or 
radio-frequencies. For example, a transformer may be used between 
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an RF amplifying valve and a detector or between two successive 
AF amplifying stages. These are examples of a transformer being 
used as a means of separating ac from the mixture of ac and DC, 
which forms the anode current of a valve. Transformers used for 
AF coupling purposes need to have large inductapce windings and 
so usually have iron cores : rf transformers generally have air cores 
or cores of iron dust. 

Secondly, transformers are used as a means of stepping alternat¬ 
ing voltages up or down. As an 
example of this we may mention 
the mains transformer in a re¬ 
ceiver, which is usually a step-up 
type as far os the ht secondary 
winding is concerned, but a step- 
down type in the case of the lt 
secondary winding. 

The third use of transformers 
is for impedance-matching. Here 
the transformer is used to secure 
maximum transference of pow'er 
from a generator to a load. Consider Fig. 60, which illustrates an 
AC generator of resistance 7?^ connected to a purely resistive load 
of value 7?^. We want to find the condition for delivery of maximum 

power to 7?;. The current in the circuit, 7, is, from Olim’s Law, 
given by— 


Generator Load 



Fio. 00.—A Generator of Internal 
UesiHtanco feeding u Load of 
Resistance Hx. 


and hence the 



E 

Ri+R, 


power in 7?^ is given by— 




(Ri + R,V 




For the maximum value of P, neglecting the constant E ^— 

dP 

dR, = - 27?,(7?, + 7?,)-3 + (7?, + 7?,)-3 ^ o ; 


i.e., Rf = 7?,. 

In words, the resistance of the load sliould equal the resistance of 
the generator in order to get maximum power into the load. In 
some cases this cannot be arranged. In these circumstances the 
two resistances can be made effectively equal, i.e., can be matched 
by placing a transformer of suitable turns ratio between alternator 






THE TRANSFORMER 


80 


Generator 





Load 



Fio. 61.—Illustrating a Transformer used as an Impedance 

Matching Device. 


and load as shown in Fig. 61. Here the apparent resistance of the 
primary winding to ac, i.e., the true load of the generator is, as shown 
above, given, for unity coupling, by— 

and this, according to the theorem given earlier, should equal the 
generator resistance for maximum power transfer. Hence— 


or 


Ui V Ri 


i 


(3) 


Notice that if this condition is obeyed then as far as the load Ri is 


n 


concerned, the generator has a resistance of which, from (3), 

is equal to R^, the resistance of the load again. Thus the correct 
turns ratio for a matching transformer is given by the square root 
of the resistance ratio to unity, the winding of greater inductance 
being connected to the larger resistance. For example, a generator 
of 100 ohms resistance feeding a load of 40,000 ohms resistance 
requires a transformer of turns ratio given by— 



40,000 

100 


1 = \/400 : 1 = 20 



Leakage Inductance. One of the ways in which the turns ratio 
IS upset is due to failure of all the flux produced by the primary 
to cut all the secondary turns—due, in fact, to lack of perfect 
coupling. In such cases the secondary (see Fig. 62) can be 
regarded as being made up of two inductances, one of which is 
perfectly coupled to the primary, the other being quite divorced 
from it. The latter is known as the “ leakage ” inductance. It is 
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represented by I in Fig. 02, where the total secondary inductance is 
(Z -2 d- 1). The leakage inductance here is the inductance measured 



Fio. 62.—Full Ecjuivftlont Circuit of ii Transformer. 

an<l lit primary andHcoondury rosifitance.s ; C, and C, the respectivo capacitancoa; 

t In-ing tiio leakage inductance. 


between the secondary terminals when the primary is short-circuited. 
Alternatively tlie lack of peideotion in the coupling between primary 
and secondary may be regarded as due to the pre.sence of a leakage 
inductance ])resent in the primary winding. This evidently would 
be the inductance measured between the jiiimary terminals with 
the secondary winding sliort-circiiited. The two leakage inductance 
values are related by the scpiare of the turns ratio. Remembering 
that tlie windings have resistance (/^, and 7?, for primary and 





.secondary respectively) and 
self-capaeitanee {Cy and Cj), 
the true circuit of a trans¬ 
former is as shown in Pig. 63. 
As far as the primary ctirrent 
is concerned it is possible to 
neglect the .secondary winding 
entirely and to evaluate the 
etfects of the secondary loads 
(/? 2 , etc.) as measured 

from the primary side. In 
the case of a step-up trans- 
fonner such as an .\f inter¬ 
valve type, where the kmf. 

across the secondary is K 

% 

times that across the primary, 

/ 

/ becomes and becomes 


The circuit thus takes the form showix in Fig. 03. 
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For step-down transformers, such as output transformers used 
for transferring audio-frequency power from an output valve to the 


loudspeaker, the ratio may be considered as 1 ; y, (or A.' : 1) and 

A 

the effects of the secondary loads at the primary are K H for leakage 
inductance, for secondary resistance and for secondary 


self-capacitance. These quantities form a series-tuned circuit, and 
it will be seen later that their relative magnitudes may exert great 
effects on the performance of the transformer. Frequently, in deal¬ 
ing with problems on output transformers, the primary magnetizing 
current may be neglected and the circuit of Fig. 63 becomes as 
shown in Fig. 64. Here the reactances of the leakage inductance, 
secondary and primary capacitances have been combined into 
one reactance of magnitude 
K'^X^, the value of which 
could be found by measure¬ 
ment at the primary. Simi¬ 
larly ‘the effective resistance 
measured from the primary 
side is + K^R^. If the load 
connected across the second¬ 
ary (i.e., the loudspeaker) has 
a constant resistance of 
then its “ reflected ” value 
at the primary is K^Rj^. In 

such a form as this, the mathematical treatment of the circuit 
IS greatly facilitated and it is now possible in fact to deduce the 
audio-frequency response curve of the transformer. This is done 
in Chapter VII. 

Aerials. An aerial-earth system, about w'hich more will be 
found in the next chapter, may be regarded as a series resonant 
circuit containing a source of alternating emf, so that the practical 
(diagram of Fig. 65 (a), which illustrates a convenient method of 
connecting an aerial-earth system to a tuning circuit, has a theoretical 
equivalent as shown in Fig. 65 (6). For an average outdoor aerial- 
earth system I = 20 ^H, i? = 25 ohms, and C' = 0*0002 //F. 

Aerial Coupling Circuit. To analyse its performance, i.e., to 
estimate the optimum values of Xy and jl/, we must first draw the 
equivalent circuit shown in Fig. 65 (6). In this the aerial-earth 
system of Fig. 65 (a) has been replaced by the series resonant circuit 

R and the signal intercepted by the aerial is simulated by the 


X2-f-K^X2 Ri-f-K^Rz 

—WWW\V- 




Fig. G4.—Equivalent Circuit of Output 
Transformer when the Magnetizing Cur¬ 
rent may bo neglected. 
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T'la. 65.—A Commonly-used Aerial Coupling Circuit is illustrated at (a) and its 

Electrical Equivalent at (6). 


generator of alternating potential and represent the kf ^ 

resistances of Lp and respectively. Having obtained the equiva¬ 
lent circuit we can now apply KirchhofiF’s laws. These state : 

(1) that in an electrical circuit the sum of all the cutrents 
flowing into any point in the circuit is equal to the 
sum of the currents flowing out of that particular 
point ; 

and (2) that the sum of all the bmf’s around any closed electrical 

circuit is zero. 

■A-pplying the second law to Fig. 65 (6) we have— 



El = ~ jeoMit . 

• (1) 

where 

Zi = (R R^) + jioLp' + and L^' = 1 , 


and 

0 = . 

• (2) 

where 

+ j(i)L + 



—» --a I r :—7:. 

JojC 

Now there are tliree properties in any aerial coupling circuit 
which we need to investigate in order to assess its xisefulness. 


It sho\iI(l bo notod tiuit. the dummy antenna ICR has many 

of tho properties of an ordinary open aerial, in ono respect the outdoor aerial 
differs cornplelely from a seri<*s-timed circuit. By virtue of its distributotl 
constmits, I.C., by vn tu(' of the fact that its iiuluctanco and capacitanco aro 
spread out nlon^ iN length, it resonates not only at its fundamental frequency 

given by / .. also at multiples of tliis frequency. 
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These are : 

(a) the voltage gain of the circuit. This may be measured 

E 

by the value of ~ in Fig. 65 ( 6 ) ; 

(b) the selectivity of the circuit. This can be conveniently 

assessed by the value of the fraction : 
effective ^of the c ircuit under conditions represented in Fig. 65 ( 6 ) 

maximum Q of Lfi, i.e., with no primary circuit present 
and (c) the reactance reflected into the secondary circuit which, 

depending on the constants of the primary circuit may 
be inductive or capacitive, should not unduly affect the 
waverange of the secondary circuit nor alter its frequency. 
The Voltage Gain. To obtain an approximate expression for 

we will make the assumption that the presence of the primary 

circuit does not affect the tuning of the secondary circuit. Thus 
as we are only concerned with the voltage gain when the secondary 
circuit is tuned to resonate at the frequency of the applied emf, 
^ 1 , we may say— 

80 that Zz = Rg. 

Equation (2) thus becomes— 

0 = i^Rg — jtoMii 

from which— 

jo)M . 

Za- 




Substituting for in (1) we have + 

which gives— 


MW 


— • 


%y = 


+ 


MW 


Now 


^ 2 = 

jo)C 

= — McoQ.ii where Q -- 


ja>M . 


LgCO 




+ 


Therefore ^ = _ MwQ _ 

Provided is reasonably large, to obtain good voltage gain, large 
values of M and Q are needed. 
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The Mistuning Effect. From equation (2) we have 


= 


jcoM . 


Substituting for in (1) we get— 


?i = 


Ey 




Mho 


2,..2 


Now the condition for this circuit to be resonant is that the impedance 
should be purely resistive, i.e., that the coefficient of j in Zj -|- 


Z 


is zero. If this expression is expanded 


+ 


2,.. 2 


M-O) 
Z 


— (R 1- 7?_) -f- 


I 


coC' 


+ 


M^(o^ 


It is generally deliberately arranged that aerial primary circuits do 
not resonate at a frequency within the band it is desired to receive. 

Accordingly {J{ d- A„) < nnd ftlso R, < (^L^io - 

We thus have for the resonance condition that— 


M-(o~ \- l<i>L' — ^ 

‘ wr 



Ljo — 


I 

(oC 


^ 0 . 


From this, remembering that M = we can show 


C - 


I 


1 - o)K''Lp' 


(O 


- k-) ■ 


In the absence of the primary circuit C = 


1 


ft) 


*4 


so that the capaci- 


— 

tance correction <3C, necessitated by the coupling to the primary 
circuit, is given by— 

1 1 


(5C ‘ ^ —V- / * “ 

oj-^L. - A- 2 ) 




= ± 


l 




io‘^L;\ - o>KrL^;(\ - k^y 
As indicated above, dC may be cither ]>ositive or negative, depending 

wliether wL^' is greater or less tlinn - Tf ,oL' < then 

'oC ' (oC 

positive capacitance is reflected into the secondary circuit ; if 
^^p ^ ojC ^ negative capacitance is added. From this result 
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it. can be seen that both and k need to be small for dC to be 
small, a condition in direct opposition to that for good voltage 
gain. 

Selectivity, The presence of the }irimary circuit has the 
effect of adding a complex quantity " „ ' to the secondary imped- 

/j \ ^ 

ance. The real, i.e., resistive, j)art of tliis is which, 

I ** 

provided + Ji^) may be -WTitten— 

Bj,) 

(v- - .i.)-' 

Thus we have that the total effective secondary resistance, in the 
presence of the primary is given by— 

^ r _ ^ ^r-o>HR R^) 


$ ' 


Now 






effective Q 
maximum Q 


Mh.r~{R ^ R„) 


- ,„C' 

L.io 


‘•pi 
1 \-' 




Us 

Mho^(l{ R,,) 


This formula shows that for good selectivity a small value of M and 
primary circuit remote from resonance are wanted. 

Practical Considerations. The design of a satisfactory aerial 
coupling circuit presents great difficulties if a fair performance with 
respect to voltage gain, selectivity and negligible rnistuning is 
wanted. The choice of and k has to be a compromise, providing 
reasonable gain, reasonable selectivity and a moderately small 
inistuning effect. In practical medium wave circuits in which 
At — 157 and C = 500 /i,nF (maximum) it is usual to employ 
either a small of the order of 30 /fH with 31 = 22 //H, giving 
^ or a larger of about 3,000 //H ^vith a much smaller coupling 
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factor of approximately 0 05. The kind of performance to be 
expected from such circuits is indicated in the following table : 


1 

Small Primary Coil 

Largo Primary Coil 

000 kc^ s 

1.400 kCy d 

600 kc/8 

1.400 kc/s 

h\ 

^1 

<)C 

Selectivity factor 

8 

3 /ifiF 

0 97 

36 

5 /i/iF 

05 

16 

17 fif,F 
0-63 

10 

3 /i/iF 
0-95 


bor fuller information about this and the many other types of 

aerial coupling circuits the interested reader is referred to an article 

by K. R. Sturley, from which the above results were taken * and 
an article by F. M. Colebrook.'^ 

Frequency Range of Parallel-tuned Circuit. The natural 


frequency of a parallel-tuned circuit is p^iven bv f — — j'-P j _ 

6 J Jkc/s /y 

For a given inductance, the ratiois given by— 

/min. 


fina\ 

y*mln. 



max 


c 


min 


The value of , and hence the frequency-range of the system 

11 < 


mill. ^ 

is not determined solely by the constants of the tuning condenser. 

Other small stray capacitances are present at the maximum and 

minimum settings of the condenser and these tend to reduce the 

ratio of maximum to minimum frequency receivable. In fact we 
may write— * 

fmax. _ "f Og 

/min. V -f- 

where = total stray capacitance. 

the^^ctci^oTrfg.'w capacitance in 

(1) self-capacitanco of tuning coil and capacitance introduced 

by use of screening can, 

(2) reflected capacitance of aerial-eartli system, 

{.!) capacitance of wiring, 

and (4) capacitance of other components, including valves con- 

nected across the coil. 
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^max. 


The value of for a normal medium-wave tuning circuit 

^’rain. ' 


containing a standard 0-0005 //F variable condenser is arranged to 
be about 7-56, by inclusion of a trimming condenser, so that 

= 2-75, 

/miu. 


which agrees with the wavelength limits of 200 to 550 mettes for 
the medium waveband. By careful design this figure can be 
improved to 4-0, although there is little advantage to be derived in 
so doing except perhaps on short waves, where efforts are continually 
being made to cover the range 0 Mc/s to 25 Mc/s. For the long 
waveband the ratio of /max. fo /min. about 2. 

The maximum capacitance of the condenser has been standard¬ 
ized in this country at 500 /^/^F, and so substituting for the 

figures 6 Mc/s, 550 kc/s and 150 kc/s, which represent the lower limits 
of the three wavebands commonly used, the corresponding values 
of L are 1-25, 170 and 2,200 //H, respectively. Slightly smaller 
values than these are used, as the maximum capacitance present in 
the circuit is, as we have seen, slightly in excess of 500 /^/^F. 

Fig. 66 shows typical aerial circuits of a modern superhet receiver. 



Fio. 66.—Aerial Tuning Circuit of Modern 4-waveband Superhet. 

Condensers labelled C are padding components : i? is a resistance placed across 

tho long-W€tvo coil to broaden its response. 

B.B.T. H 
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The method of switching from one waveband to another is clearly 
illnstrated. 

RF Chokes. It has already been mentioned that an rf choke, 
in practice, beiiaves as the inductive branch of a resonant circuit. 
This is evident from Fig. 67, which shows a typical reacting detector 
circuit. The parallel resonant circuit is indicated by the heavy lines, 
and is seen to consist of the choke L, the resistance R and the con¬ 
denser C. C, is a large decoupling condenser, and its reactance 



Tho resonant oin-uit roferred to in tho (ext is iiulicatod by heavy linos 


may conse(piently be noglocted. Tho kmf is ai)plicd by the valve 
between tho points .4 and B. 

Ihis combination resonates at a frequency lower than tho lowest 
for which the receiver is desitriied, so that tlie'impedance of tlio tuned 
circuit LCR is ns shown in Fiv. (is. The maximum will bo very flat 

because of the magnitude of the anode load, R, whieh may bo of 
the order of :10,()()() ohms. 


In sucli a circuit, designed to cover tho mediuiu and long wave¬ 
bands, the choke may have an inductance of 200,000 /(H, whilst the 
capacitance may include C (usually 0 0001 tbo self-capacitance 
of the choke (say 4 iiuF) and the anode-cathode capacitance of the 
valve (say 6 //^/F). The resonant frequency will be 33*9 kc/s. 





RF CHOKES 


99 


In the case of this tuned circuit \ve are more concerned with the 
relative reactances of L and C tlian the impedance of LCR. The 



Fig. 08.—An rf Ohoko Resonates with the t’apacitances present in a Detector 

Anoflo Circuit giving a response ns .shown above. 


relative magnitudes of these should be such that for any frequency in 
the received band— 


Lo) ^ 


1 



so that most of the rf energy developed across AB passes through the 
condenser. 

A method of assessing the efficiency of the rf filtering so obtained 
is to measure practically the ratio of the current through C to the 
total current through L and C at varioas frequencies in the band. 
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Fio. GO.—Curve sliowing Porccntago Performance of an rf Choke. 

(lUj courtesy of Messrs. A. F. liuljin.) 

It is assumed that L and C are in parallel. This ratio should 
preferably be greater than 95 per cent. A curve, obtained in this 
way, for a commercial rf choke is shown in Fig. 69, from which it 
may be seen that it is a good appro.ximation to the ideal curve, which 
is a straight line, parallel to the axis of frequency at a percentage 
of 100. 
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Introduction. In order to provide satisfactory communication 
by means of radio between any two points on the earth’s sinface 
we must first decide, from an account of the properties of waves 
of various frequencies, which will be the most smtable frequency 
to use at a given moment. Having decided this, we can design 
the transmitter and receiver and a suitable aerial system for both. 
Subsequent chapters will deal in some detail with the circuits 
likely to be used in the transmitter and receiver ; in this chapter 
we shall be primarily concerned with the peculiarities of propaga¬ 
tion of radio waves and the design of suitable aerials for their 
successful transmission and reception. This is a large subject and 
the following treatment is by no means comprehensive. Readers 
desiring fuller information are referred to bibliographical note 
Direct and Indirect Rays. Radio communication is effected 
by means of electromagnetic waves which may travel either parallel 
to the earth’s surface as a “ ground ” or “ direct ” ray, or else 
via the upper layers of the atmosphere (ionosphere) as a “ sky ” 
or “ indirect ” ray, or by both paths simultaneously. The useful 
range of the ground wave decreases as the transmitted frequency 
is raised, approximate figures for normal conditions being 1,000 miles 
for the -range 30-550 kc/s, 200 miles for medium waves (500- 
1,500 kc/s) and 30 miles for short waves (5-30 Mc/s). Strangely, 
ultra-short waves such as those used for fm and television services 
(45 Mc/s) seem to have a longer range than the longer short-waves, 
and successful reception of television pictures is claimed up to 
100 miles from the transmitter. Actually the direct ray at 45 Mc/s 
hfes in fact a smaller range than for the longer short waves, but in 
spite of this good reception is possible at greater distances by means 
of a third ray due to “ tropospheric bending ”, i.e., bending caused by 
the humidity gradient in the atmosphere. Later sections will derive 
mathematical expressions for the attenuation of ground waves. 
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At distances of several hundred miles above the earth s surface 
there aic regions of high teni])erature and low pressure where air 
is subjected during daytime to bombardment by ultra-violet radia¬ 
tion from tlie sun. In such areas ionization of oxygen and nitrogen 
occurs with conse(iuent formation of charged, i.e., conducting, layers 
in the atmosj>liere. Tliese are capable ot exerting enormous effects 
on the propagation of radio waves. Many such layers exist, but 
the three most important are the D, E and Fj- The two latter 
are sometimes known as the Kennelly-Heavdside and Appleton 
layers respectively. The layer, which is more intensely ionized 
than the E, occurs between 2r»U and oUO kms. above the earth, whilst 
the E is lower, usually I)etween 1(K> and 120 kins. The D layer is 
somewhat lower, being SO-00 kms. al>ove tlie eartli. During night¬ 
time. recombination of fri'e electrons with positive ions occurs in 
the E layer which consiMpicntly only exists in day-time. It is then 
capable of absorbing any medium waves which enter it, but at 
night-time wav(*s having such freipu'ncies, on striking the higher 
Fy layer, are refracted and retmnc'd to earth where they may cause 
interference (i.e., severe fading) in areas which also receive the 
ground ray at alxuit the same intensity. Long waves are almost 
invariably reflecti'd from the ionized layers and sucli fading as does 
occur at these freijuencies is usually of very hmg })eriod. 

The most interesting property of the ionosphere, however, is 
its effect on short-wave propagation. It is found that if short- 
waves are ])rojccted vertically into the ionosphere the waves are 
refracted through ISO' and are returned to the earth, provided 
that the fre(piency does not exceed a certain critical value. Each 
ionized layer has such a critical frccpiency. Frequencies greater 
than the critical value pierce the ionosphere and arc lost in inter¬ 
stellar space if directed at normal —or nearly normal—incidence 
on the layers. But if such a liigli freijumicy wave .strikes a layer 
at a small angle to it , then it may he refiaeted and returned to earth 
several thousand miles away from the transmitter. For a particular 
frequency the distance between transmitter and receiver for the 
smallest angle of incidence which gives rellection is termed the 
“skip distance” and witliin the skip area the transmission is 
inaudible, d’lie froipiency giving tlie smallest skip distance is 
known as the “ maximum usable frequeiu v ” and it is given by— 

fm Sc 

where maximum usable frequency, 

/. “ critical frequency, 

0 — angle of incidence.- 


and 
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This expression ^ is true only for a flat earth and is consequently 
only applicable to comparatively short distances. In practice the 
error is inappreciable for distances up to 350 kms. For distances 
beyond this the curvature of tlie earth and the ionosphere require 
a considerable modification of the expression. 

The maximum usable frequency is not constant but depends 
on several factors, notably— 

(а) (as described) the angle of projection. 

(б) the time of day. It may vary from, say, 6 Mc/s during 

the night to 20 Mc/s at noon. 

(c) the time of the year. In the Northern Hemisphere higher 

frequencies may be used during winter daylight than 
during summer daylight. (The reverse is trvie of night¬ 
time frequencies.) This is perhaps rather unexpected : 
one is tempted to think that the more intense sunlight 
experienced in summer would cause more intense ionization 
than in winter and would thus raise the critical frequency. 
In fact, the critical frequency depends on the number of 
electrons per unit Volume of the ionosphere and so tem¬ 
perature has an effect. The heating of the atmosphere in 
summer so lowers the charge per unit volume that, in 
spite of the more intense sunlight then, the critical fre¬ 
quency is lower than in winter. 

(d) the period reached in the 11-year cycle. The frequency 

used depends on the running average of the number of 
sun-spots visible. It is noted that an outburst of sun¬ 
spot activity is accompanied by an increase in ultra¬ 
violet radiation, which results in enhanced ionization and 
a corresponding increase in the maximum usable fre¬ 
quency. Thus as sun-spot activity follows an 11-year 
cycle, so also does the value of this frequency. 

If a short wave of, say^ 20 Mc/s is transmitted so as to strike 
the ionized layers at a small angle it will, as already described, 
suffer refraction and will return to the earth at a great distance 
from the transmitter. The greatest distance covered by a single hop 
is about 2,500 miles. Here, as the earth is a conductor, it will be 
reflected and projected again into the ionosphere. If conditions 
are suitable and the choice of frequency correct, it is possible to 
communicate from one side of the earth to the other by this means, 
the rays used making several reflections on the way. It is, how¬ 
ever, a difficult problem to secure commumcation, say, between 
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England and New Zealand for any length of time, for part of the 
path is bouna to be in darkness and the rest in sunlight. If we use 
a frequency high enough to give minimum absorption in the daylight 
path it will readily penetrate the ionosphere in the darkness zone 
and so be lost in space. On the other hand, if we use a frequency 
low enough to avoid penetration in the darkness zone it will be 
unduly absorbed in the daylight path. Hence a compromise value 
of frequency has to be used that will serve the whole of the 
path. 

To quote some figures of frequencies used in practice it may 
be mentioned that between U.S.A. and U.K. the best results are 
obtained on 15 Mc/s and 17 Mc/s during summer daylight, 21 Mc/^ 
being added for the winter months. During the evening 9 Mc/s 
and 11 Mc/s are used and this is reduced to 6 Mc/s during the 
night. On \vinter nights U.S. medium-wave broadcasts are some¬ 
times quite well received in U.K. after midnight. We will now 
summari/'c the chief peculiarities of long, medium and short 
waves. 

Long Waves (30-300 kc/s). During daylight these long waves 
may be used quite successfully for communication up to 2,000 or 
3,000 miles. At night when the indirect ray is in evidence the 
range is extended to 6,000 or 7,000 miles. Long-wave reception 
13 usually reliable and free from fading, but, as we shall see, a 
high-powered transmitter is necessary for successful results, for it 
is difficult to design an efficient radiator for such low frequencies. 
Most countries have one long-wave channel allocated to them by 
international treaty. They are used mainly for communication by 
telegraphy and teletype, small banduddths of a few hundred cycles 
being used. Some broadcasting is also carried out on the higher 
frequencies (160-300 kc/s). 

Medium Waves (550-1,500 kc/s). During daylight, medium 
waves give very successful results up to 200 miles and can be 
heard on the direct ray up to 400 miles. At night the indirect 
ray extends the range to 1,000 miles or more. At distances between 
200 and 500 miles from the transmitter severe fading occurs after 
dark due to interference between direct and indirect rays. The 
fades are generally of long duration, there being usually a period 
of several minutes between successive maxima. Although this can 
be counteracted to some extent by an avc system in the receiver, 
the distortion associated with fading cannot be eliminated and this 
constitutes a great drawback to medium-wave broadcasts. Most 
countries have several medium-wave channels and these are the 
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chief channels by which broadcasts for home consumption are 
distributed. 

Short Waves (5-30 Mc/s). As already described, these can 
be used quite successfully for communication over distances between 
1,000 and 15,000 miles, provided due care is taken to choose the 
frequency appropriate to the time of day, year, etc.* A great 
advantage of communication by short waves is, as we shall see, that 
it is comparatively easy to focus them into a narrow beam which 
can be directed to the receiver, so saving considerable power 
and ensuring a degree of secrecy. Such directional transmission 
obviously involves a different type of aerial system from that used 
for a medium-wave broadcast station which is usually required to 
transmit equally well in all directions, and so we shall now turn to 
the design of transmitting aerials to see how this is achieved. 

Radiation from a Vertical Wire. 

The effect at a point P of an elemental 
length of wire dl carrying an alter¬ 
nating current i sin a>t, as shown in 
Fig. 70, is given by— 


rj CO&l . 

H = cos o) 
dc 



cos d 


dl. . 

- —t sin CO 


(-9 


cos B 



where H = strength of magnetic field, 
d = distance between P and 
element, 

0 ) = 2nf, f being the frequency 
of the alternating cur¬ 
rent. 
t = time, 

c = velocity of light = 3 X 
10^** cms./sec. 

and 6 = angle between radius vector and normal to curren 

element. 

* The fading experienced on short waves is due, in ^ 

varying phase difference between two signals as in e case oicmals 

lonTwLes, but to the changing phase relationships between 
It is therefore more rapid and more shallow than that ^ 

frequencies and a correspondingly smaller time constan , er , waves_ 

in the avc system of a receiver for use on short waves. riescrin- 

particularly over great distances—fading can be so rapi as 

tion as a flutter. 
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The first term represents a radiation field, the magnitude of which 
is inversely proportional to the distance d : the second term is an 
induction field, the intensity of which is inversely proportional 
to There are also two corresponding electrostatic fields which 
can be expressed thus— 



the relationship between X and H in absolute units being 



Examination of these expressions shows that, for small values of 
d, the inductive field predominates, but that when d is large the 
radiative field is the greater. By equating the expressions for 
both fields it is easily shown that the two fields are numerically 
equal when— 



271 



X 

6 * 


For radio purposes, therefore, where we are concerned with con¬ 
ditions at least several wavelengths distant from the radiator, we 
can neglect the magnitude of the inductive term in comparison 
with that of tlie radiative term. We thus have— 



/ d\ 

cos (JO\i -1 

dc \ cj 


cos 0. 


Polar Diagrams. The radiation from tliis elemental length 
of radiator is distributed evenly around it, an observation which 
can be represented diagrainmatically as shown in Fig. 71 (a), in 
which the magnitude of the radiation in any direction OP from 



(a) Hhows the «h.stributioa in tho plnm' at right anglca to the element and (ft) the 

diHiribation in the piano ol tite elomont. 

the radiator 0 is represented by tho length of tho radius vector 
OP. Such a figure is known as a polar diagram. The circular 
shape of this polar figure shows the radiator to be oiunidireetional. 
The distribution of the radiation in the vertical plane is given 
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by the cosine function in the expression for the radiative field. 
It is clearly a maximum at right angles to 61 when ^ ^ 

cos 9 = 1 and a minimum along the wire when = 90 and 
cos 0=0. The polar diagram thus takes the form given in 

Fig. 71 (6). 

Before proceeding to calculations of field strength it is con¬ 
venient at this point to discuss radiation from wires of finite length. 
So far we have considered only wires of length Sly which are so 
short that the amplitude of RF current in them, i, may be con¬ 
sidered uniform. In wires of finite length the current varies along 
the length and so i 61 in the expression for H mast be replaced 

by dl If RF energy is fed to one end of an open wire the current 

has zero value at the other end, the exact distribution of current 



(a) 

Fig. 72.—Distribution of RF Current and Po^ntial along (a) Grounded Quarter 

Wave Aerial and (6) Free Dipole. 


along the wire depending on the relationship between Z the length 
of the wire, and A, the wavelength of the rf signal fed to it It 
one end of the wire is earthed and if the energy is intro uce a 
the earthed end, then the distribution of current is sinusoidal as 
shown in Fig. 72, which is drawn for the resonance case when 
A = 41. The lengths of the ordinates normal to the wire measure 
the magnitudes of the rf current and potential at any point on 

the radiator. 

Transmitting Aerials for Medium and Long-Wave Trans¬ 
mitters. Before beginning the subject of aerials it sho^d be 
noted that this is one of the few subjects in radio where the con- 
ception of wavelength of a wave as distinct from requency as 


any sphere of usefulness. 

A quarter-wavelength radiator, such 


as that mentioned above, 
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in the form of a steel lattice mast balanced on an insulator, is 
frequently used in medium-wave broadcasting stations as the 
omnidirectional radiation properties are desirable and the dimen¬ 
sions are convenient. For a frequency of 1,000 ko/s, ^ j 

= 75 metres = 244 feet. For exact tuning a small horizontal 
arm of adjustable height known as a “ capacity top ” is often fitted 
to the end of the mast, which modifies the current distribution 
slightly so as to give the desirable effect of raising the effective 
height of the mast. 

For long-wave transmitters it is impracticable to use a quarter- 
wave mast owing to the great height which would be needed, and 
so aerials a fraction of a wavelength long have to be employed. 
These make poor radiators and aerial efficiency is consequentlj' 
very low. 

It is possible to alter the shape of the horizontal polar diagram 
of a radiator by placing another radiator near by and feeding this 
also with KF energy. By appropriate adjustment of the phase 
difference between the energy fed to the two masts it is possible to 
alter the polar diagram to^ suit particular requirements. 

Short-wave Transmitting Aerials. A wire of length /, if 
neither end is grounded, resonates at the frequency for which A = 21, 
and the distribution of current and potential is as shown in Fig. 72 (6). 
Such an arrangement, known as a half-wave dipole, is used exten¬ 
sively in short-wave broadcasting. Such broadcasting, as men¬ 
tioned earlier, is carried out mostly on the beam system, and one 
type of array used has the form shown in Fig. 73. Several 
pairs of dipoles are mounted in horizontal and vertical rows, 
energized in phase and connected by vertical half-wave feeders 
so that the radiation from them cancels, as shown by the current 
distribution curves drawn for part of the array. The number of 
rows of horizontal dipoles determines the horizontal width of the 
transmitted beam, and the width of the beam in the vertical 
dimension is similarly controlled by the vertical stacking of the 
dipoles, i.e,, by the number of vertical rows of dipoles. The 
angle between the centre of the beam and the earth is controlled 
by the height of the bottom row of dipoles above the earth. For 
unidirectional transmission the radiation from one side of the array 
can be completely suppressed by the provision of an earthed reflector 

for each radiator, spaced - beliind it. This can be clearly seen in 
Plate I, opposite page 128. In general, there are three types of 
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reflectors : besides the earthed type already mentioned there are 
*‘free” or “parasitic” reflectors and the energized type. The 
latter are fed with bf power which is out of phase with that supphed 



Fio. 73.—Typical Beam Aerial Array. 


to the main curtain, the phase difference depending on the distance 
between the curtains. 

The polar diagram for n dipoles arranged in a straight e a 
equal intervals can be calculated from the expression 


in which 


and 




field strength at any point P making an angle 
of a to the line of the array, 


X = maximum field strength of the array, i.e., as 

measured along the perpendicular to the array, 


d = spacing between dipoles, 
A = wavelength cf radiation. 


The polar diagram in the vertical plane for the array shown m 
Pig. 73 is given in Fig. 74, which illustrates the distribution ot held 

strength in the vertical plane of a typical array. 
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I^io. 74.—\ertical Polar Diagram of Short-wave Beam Array of Fig. 73. 

Iho angle of horizontal diverg(*nco of tho nmin lohe is approximately 35^. 

Television Aerials. For transmission of television and fm 
services on about 45 Mc/s, arrays of dipoles, usually of rigid rods 

or tubes, arc commonly used, 
and they may be arranged as 
shown in Fig. 75, which gives 
the omnidirectional radiation 
lisually desired for such 
transmission. Fr e q uencies 
of tlie order of 45 Mc/s such 
as those used in television 
and F.M transmissions ai*e 
(juasi-optical in properties, 
and in order to secure as 
large a service area as pos¬ 
sible it is necessarv to mount 
transmitting (and receiving) 
aerials as high as possible. 
It should bo noted that 
these and other short-wave 
transmissions are generallv 

horizontally polarized, 

w h e r e a s m e d i u m-w a v o 



l*iu, 75.—Otio typo of Tolovision Aerial. 


transmitters with vertical - 


radiators give vertically polarized rays. This is important wlien 

reception ol both types of transmission is wanted from the same 
receiving aerial. 
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CALCULATION OF FIELD STRENGTH 

Calculation of Field Strength. The field strength of a 
transmitter is usually expressed in micro-volts (nV) per metre, 
being the rms bf potential set up across a receiving aerial, having 
an effective height equal to one metre, placed at right angles to the 
direction of propagation of the wave. H is given by the radiative 

expression— 

H — —cos B. 
cd \ cj 

From this a value can be derived for the field strength in the neigh¬ 
bourhood of a transmitter. It will necessarily be approximate as 
absorption due to the earth has been neglected. We can allow 
for the fact that the current varies throughout the length of the 

mast by replacing i 61 with i dl. For horizontal radiation 0=0 

and so cos 0 = 1. We can consider the time taken for the radiation 

to reach the receiver as negligible by neglecting -. Considering 


peak values only we then have 


H 


But c — /A, and w = Stt/; 


therefore 


H = 


CO 

f i dl. 

cd 

Jo 


ri 

27r. 

idl. 


J 0 


Ad 


Now let ^ idl -= iK i.e., h is the height of the radiator which gives 

the same effect with currenb constant at the value i. Then ^ is 
termed the effective height of the radiator. If the current s ri 
bution along the radiator is sinusoidal and if its length is an mtegra 
number of quarter wavelengths, then 


n 


h = 1. 




sin 0 dO 


71 

2 


n 

71 


where I = physical height of the radiator. This result applies to 
quarter-wave and half-wave vertical aerials. If the vertical wire 
is only a fraction of a wavelength long, as in the case of a long¬ 
wave aerial, then we may take the variation of current along the 
wire as being a linear function of its height above the ground, in 
which case the average value is clearly half the maximum, i.e., the 
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effective height of such an aerial is equal to half its physical height. 
It may, however, be raised to, say, 0-6 of its physical height by 
adding a horizontal wire at the top to form an inverted L or T 
aerial. 

By means of this conception of effective height h the expression 
for H becomes— 

jj _ 'Znih 
~ ~?d' 

If we are using a quarter-wave aerial, then— 

^ = - = ^ = A 

71 71*4 271 

In practice the effective height is actually double this amount 
owing to the effect of the earth, which, if perfectly conducting, 
provides an image of the real aerial which effectively doubles its 
length. Making this correction, we get— 

II _ 

“ ~)d' 

In practical units the relationship between H and X is_ 

X = 300//. 

Expressing /, X and d in centimetres and i in amperes, w'e have_ 


X = 300. volts /cm 

lOXd Xd 

When 7i, X and d are expressed in metres, we have- 


X = 


IZOnih Sllih 


Xd 


Xd 


volts/metre. 


This is a very well-known formula frequently used for assessing 
field strength values when ih is known. 

Aerial Power and Radiation Resistance. It can be shown 
that tlie total power radiated by a quarter-wave aerial is given by— 



100 .^ 2 // 2^2 



watts 


1*584/2,-2 
A2 



where / and X have the same meanings as previously and are ex¬ 
pressed in the same units and i is in amperes. If we assume that 

this power is dissipated in a resistance R by the same current i 
we have— 


100712^2 
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This is known as the “ radiation resistance ” of the aerial. Now 
we have already shown for a quarter-wave radiator that— 



71 

Substituting this and the relationship A = 4? in the expression for 
R we have— 



16071:2 4 A2 
A2 *7r2*l6 


= 40 ohms 


i.e., the radiation resistance of all quarter-wave aerials is constant 
at 40 ohms. It may similarly be shown that i? = 80 ohms for 
a half-wave aerial. 

Attenuation of Direct Ray. If we combine the expressions— 



l-584A2j2 

A2 


and 



Zllih 


we can show that— 



300 VP 
d 


volts/metre 


where P is in kilowatts and d in metres. This formula, which gives 
fair results for distances up to 200 miles, shows that the field strength 
is proportional to the square root of the transmitter power output. 
To double the signal strength at a particular point, that is to 
increase the output of the receiver by 6 decibels, it is necessary to 
increase the power output of the transmitter to four times its 
original power. 

This formula for field strength does not allow for attenuation 
of the waves in their passage over the earth. To allow for this 
Austin and Cohen added an exponential term thus— 

^ 300\/P * 

X = — 1 —.e Va volts/metre 
d 


where a = a constant for the path of the ray in question, (The 

Admiralty Handbook quotes a as being 0-0015 
over sea.) 

and d, X — distance and wavelength respectively expressed in 

metres, as before. 

Considerable work was done on this subject by Sommerfeld,®’ ^ 
and a simplified version of his expression for the field strength due 
to direct ray transmission is— 



hV'PA 

d 


millivolts/metre 


I 
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where 


/t = a constant depending on the aerial design {=: 195 
for a quarter-wave aerial and 270 for fi half-wave 

fype), 

P = power in kilowatts, 
d = distance in miles, 


A — Sommerfeld’s “ reduction factor ” 


9-38 X 10-21/2^/ 



/ = frequency in kc/s, 
o = soil conductivity in e.m.u. 


2 + 0-3/) 

2 + p-'T O-Op'2’ 


No account has been taken here of the curvature of the earth’s 
surface or of the dielectric constant of the earth over which the 
ray passes. 

Ultra-high Frequency Transmission.^ Reception of waves 
with frequencies of the order of 50-150 Mc/s is obtained via two 
paths, one lying in the straight line joining the transmitting to 
receiving aerial and the other containing a reflection at the surface 
of the earth at some point between the two aerials. If tiic earth’s 
surface be a.ssumcd flat and perfectly conducting the signal strength 
at the receiving aerial is given approximately by— 



211'lVPhJiJ 

f/2 


microvolts /metre 

i 


where are the heights in metres of the transmitting and 

receiving aerials respectively (for this relationship 

to liold the transmitting aerial must be a ^ dipole), 

P -- transmitted power in kilowatts, 

/ = frequency in Mc/s, 

d = distance between transmitting and receiving aerials 
in kilometres. 


It is very interesting to note fron\ this formula (whieh assumes 
both aerials to be several wavelengths above the earth) that the 
signal strength at the receiving aerial is now inversely proportional 
to the square of tlie distance between the aerials, wliich is remin¬ 
iscent of the law a])])lying between magnetic poles. 

This formula ])redicts—and experiment confirms—that reception 
at tliese frequencies is possible even when the receiving aerial cannot 
“ sec ” the transmitting aerial because of the eiu'vature of the 
earth. 
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Typical values of the field strength of a transmitter are as 
follows : 


Reception 

Very strong signals suitable 
for operating crystal re¬ 
ceivers 
Good signal 


RF stage necessary for good 
results 


Good short-wave signal but 
noisy on medium-waves 
Very poor niediuin-wavo sig¬ 
nal ; fair on sliort waves 
V^ry weak telegraphy signal 


Field Strengtii 


Situation \n tiV 

Very close to liigh-powei' station 10® 

Approximately 100 miles from 10^ 

powerhil medium-wave 
transmitter 

Signals from liigh powered 10® 

medium-wave station at 
night at 1000 miles 

Indirect ray on short waves 10® 


10 

1 


Receiving Aerials. Many of the points made about trans¬ 
mitting aerials earlier ajjply with equal force to receiving aerials, 
for a good radiator is necessarily a good receiver. It is rare, how¬ 
ever, for a receiving aerial to be used for one particular frequency 
only, although this does occur in special circumstances, sucli as, 
for example, in receivers used for point-to-point communication in 
telephone systems. Normally a receiving aerial is required to 
operate over a wide range of frequency and to give a good voltage 
output at all points within that range. For medium and long-wave 
reception it is usual to use a collector with dimensions wliich are 
small compared with the received wavelengtli. Possibly the best 
form of aerial is that of a vertical rod, which can be mounted on 
a chimney well away from domestic sources of interference. It is 
necessary to surround the downlead to the receiver with an earthed 
screen to prevent pick-up of interference voltages. For a given 
length of wire such an aerial usually gives better results than the 

T or inverted L type so favoured to-day. 

The voltage generated by a vertical aerial is given by— 

E = Xh 

where E — emf in volts, 

X = field strength in volts/metre, 
and h = effective height of aerial in metres. 

The length of the collector is, for medium and long-wave recep¬ 
tion, very small compared with the wavelength and consequently 
the effective heights may be taken as one half of the physical height 
of the aerial. Such an aerial is clearly omnidirectional. 
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The addition of a horizontal portion of wire to the top increases 
both the capacitance of the aerial and its effective height. 

We have already seen that a vertical wire, grounded at one 
end, resonates at the frequency for which A = 4Z, i.e., at this fre¬ 
quency its impedance is purely resistive and has a value of 40 ohms. 
At frequencies below this value negative (capacitive) reactance is 
present; for frequencies immediately above resonance, inductive 
reactance is present. The resistance remains constant at 40 ohms 
over quite a wide frequency range. 

If a receiving aerial resonates at a frequency lying within the 
band it is desired to receive we shall have sudden changes in the 
reactance reflected into the first tuned circuit when the receiver 
is tuned through this resonant frequency. There will be consequent 
anomalies in voltage transfer and calibration. For this reason it 
is best, as already said, to let the aerial dimensions be small com¬ 
pared with the shortest wavelength it is desired to receive, for by 
doing this the capacitive reactance of the aerial impedance is due 
almost exclusively to the physical capacitance of the aerial to 
earth. The variations in reactance are therefore predictable and, 
in fact, the aerial may be accurately simulated by a series circuit 
comprising a condenser and resistance. 

Modern receivers are “ lined up ”, that is trimming and padding 
condensers in the oscillator and signal frequency circuits are 
adjusted for optimum performance, on signals from oscillators 
which are fed to the receiver via a ” dumiu}'^ aerial ” which is 
a series circuit of inductance, capacitance and resistance, the 
properties of which are assumed to simulate that of the average 
domestic aerial Typical values are 20 //H, 200 ^//F and 40 ohms, 
the inductance and capacitance corresponding to the distributed 
inductance and capacitance of the outdoor aerial. 

Short-wave Receiving Aerials. Similar arguments apply as 
for medium and long w'avcs. A dipole is generally used, and if 
the coupling between aerial and first tuned circuit is tight its 
dimensions should be cliosen so that it resonates at a frequency 
exceeding the greatest it is desired to receive. Alternatively, as 
the preceding metliod miglit lead to poor pick-up voltage due to 
the small dimensions of the aerial, it is possible to employ an aerial 
which does resonate within the wanted band provided that the 
coupling between aerial and first tuned circuit is such tliat the 
change of reactance from negative to positive as the receiver is 
tuned tlnough tlie resonant frequency of the aerial does not affect 
the calibration of the receiver unduly. A shox't-w'ave dipole will. 
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of course, have smaller distributed capacitance and inductance than 
a normal medium-wave outdoor aerial so that the effect on the 
first tuned circuit is not so great. A typical short-wave aerial 
coupling circuit is illustrated in Fig. 76. 


Z 



Television Aerials. Aerials for television purposes can be 
made resonant as they are required to work at a fixed frequency. 
As they also are required to operate on signals from one particular 
direction they can be made directional by fitting a reflector at a 

distance of — behind them. For the transmissions from Alexandra 

4 

Palace on 45 and 41'5 Mc/s the length of the complete dipole 
should be 10 feet 5 inches. These remarks also apply to any other 
cases where one frequency and a particular direction are concerned. 

Frame Aerials. Portable receivers are often fitted with a 
frame aerial which is tuned and forms the first rf circuit of 
the receiver. The voltage developed across a frame aerial, the 
dimensions of which are small compared with the wavelength, is 
given by— 

E = 

where E = emf in volts, 

X = field strength in volts/metre, 

A = area of frame in square metres, 

N = number of turns in frame winding, 
and X = wavelength in metres. 

Comparing this with the voltage output of a simple vertical 
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aerial we see that the effective height of a frame aerial is given 

by- 

2nAN 


A frame aerial for use on medium waves might have an area 
of -iV square metres, this corresponding roughly to an area of 
1 sq. ft., and N = 20. At 1,000 kc/s the effective height is— 



2 X 3-142 X 20 - _ . . 

- _- - 0 04 metre. 

300 X 10 


This is very much smaller than the effective height of a normal 
open aerial. The voltage output of a frame aerial is hence less 
than that of a normal outdoor aerial. One of the advantages of 
frame aerials is, however, that they are markedly directional, giving 
maximum results from a particular transmitter when the plane of 
the frame lies in to the line joining the aerial to the transmitter. 
It is thus possible to separate two transmissions in the same 
frequency by means of a frame aerial if their directions form an 
approximate right angle at the receiver. 

Beverage Aerial. This is an example of an aerial having 
length which is great compared with the wavelength of the signal 
received. It consists of a length of wire (which may be up to 
5 miles in length when used for long-wave reception) suspended 
a few feet above the gro\md. Its inetliiod of operation is based on 
the fact that, as long and medium waves travel along the ground, 
the lines of electric intensity are bent duo to absorption at the 
surface of the earth and so have a horizontal component, which 
will induce a voltage in a horizontal wire. This voltage is built 
up to a large value as the wave travels on. The aerial needs 
termination in a resistance equal to its own characteristic impedance 
(usually near (100 ohms) to avoid reflection and consequent can¬ 
cellation of voltages. On short waves it is the horizontal component 
of the (lowncoming wave which induces the current in the beverage 
or wave antenna. This type of aerial is markedly directional to 
waves travelling along it towards the receiver. 

Inverted V and Rhombic Aerials. By tilting a wire at a 
suitable angle to the vertical it is possible to arrange that vector 
addition of the voltages induced in all parU of the wire occurs 
by the time they arrive at the receiver. If the wire is long com¬ 
pared with the wavelength the angle of tilt is not critical (i.e., the 
aerial is efficient over a wide frequency rai^ge), but if the length 
of the aerial is of the order of one wavelength tlie angle is very 
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critical. It is usual to arrange two such aerials in series in the 
shape of an inverted V as sho^vn in Fig. 77, but it is also possible 
to arrange foiu* such aerials in the form of a rhombus in a horizontal 
plane, in which case the aerial is known as a rhombic. In both 
cases the aerial is strongly directional and requires termination in 



Fig* 77.—Inverted V Aerial. 

This aerial has an imago in the ground which materially increases the voltage output* 

non-inductive resistors of 400 ohms in the case of the inverted V 
and 600 ohms for the other. From the point of view of the size 
required to make an efficient collector and the fact that it responds 
to horizontally polarized waves, it is clear that the rhombic aerial 
is most suitable for short-wave reception. 
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Introduction. The introduction of radio valves, or vacuum 
tubes, which revolutionized the science of radio, can be traced to 
an experiment by Edison in the late nineteenth century. He 
noticed that a small current flowed from a metal plate to the fila¬ 
ment of a lamp, when it was connected to the positive limb of the 
filament. No current was observed when the connection was 
changed to the negative side of the filament. 

The mechanism of this effect remained obscure until Thomson’s 
discovery of the electron in 1899. Five years later the first radio 
valve, a diode, was made by Fleming. This consisted simply of 
a filament (cathode) and a plate (anode) inside an evacuated bulb. 
If the filament is heated by current from a battery some of the 
electrons in the outer orbits of the atoms of the metal composing 
it are given sufficient energy to enable them to escape from the 
surface of the metal. Attracted by the positive charge given 
externally to the anode, they move towards it. The neutralization 
of the succession of negative charges thus arriving at the anode 
gives rise to the anode current. It is important to realize that 
some electrons arrive at the anode even when the latter has a slight 
negative charge with respect to the cathode. 

In 1907 Lee de Forest found that if a tliird electrode (grid) 
is placed between the anode and the cathode, the anode current 
could be controlled by the potential on this grid. Thus the triode 
was born. Since then the number of controlling electrodes between 
anode and cathode has been gradually increasing, giving rise to 
tetrodes, pentodes, hexodes, heptodes and octodes. Modern radio 

technique makes extensive use of multiple valves, of which the 
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triode-hexode is an example. This consists of a complete hexode 
and triode assembly mounted in one glass envelope and surround¬ 
ing a common cathode. An exploded view of a triode-hexode is 
given in Plate II (between pp. 128-9). 

The earliest valves used a tungsten wire as a filament, but it 
was subsequently discovered that metals such as barium and 
strontium gave a more copious supply of electrons at lower tem¬ 
peratures, and these are used to-day in cathode coatings. The 
saturation value of anode current, i.e., the total filament emission 

of a simple diode, was found by RichaT'dson to obey the equation— 

_6 

la = aTH T 

where = anode current in amps./sq. cm., 

a^b — constants characteristic of the emitting surface, 
and T = temperature of filament in degrees absolute. 

Receiving Valves. Modern receiving valves may be divided 
into two types: those in which the filament is heated directly as 
in the earliest types mentioned above, and those in which the 
cathode emitting surface is indirectly heated. To the first type 
belong the valves used in battery receivers. These have filaments 
consisting of a fine wire, coated with oxides of barium and strontium, 
and operating at a temperature of roughly 1,000° C. The older 
battery sets had valves with filaments heated by 2, 4 or 6-volt 
accumulators, the current of a single valve lying generally between 
0*1 and 0*3 amp., but more recent receivers employ valves designed 
to work satisfactorily from a single 1-4-volt dry cell, the filament 
current for these varying between 0 05 and 01 amp. for each valve. 
The fact that there is a potential gradient along the filaments of 
such valves should be noted. The grids almost invariably take the 
form of a spiral of wire surrounding the filament, and this assembly 
lies inside the anode, a box or cylinder, usually of nickel. The 
evacuated glass bulb of valves used at radio frequencies is often 
metallized, i.e., sprayed with metal which may be earthed to form 
an electrostatic shield. 

In indirectly heated valves the cathode is a metal sheath coated 
with electron-emitting material which is electrically insulated from, 
but heated by, a tungsten wire placed within it. The heater wire 
is embedded in a refiractory material such as magnesium oxide or 
silica, which is electrically neutral but conducts heat readily. The 
cathode is thus electrically divorced from the heater which makes 
these valves more flexible than their battery counterparts. It 
should also be noted that the cathode of an indirectly heated valve 
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is an equi-potcntial surface. The cathodes are heated by ac applied 
to the heaters, but there is considerable variation in the heater 
ratings. In the U.8.A. heaters are usually rated for 2-5, 6-3 or 
13 volts RM>s. currents varying from 0-2 to 2 0 amps. : in Great 
Britain 4 volts was standard for some time, but the “ international 
octal ” type now being used have 0-3 volt heaters and so correspond 
with U.S.A. technitpie. There are also “ universal ” type valves 
with heater ratings varying between 12 and 45 volts. In sets 
designed for use on ac mains only it is customary to connect all the 
heaters in parallel and to energize them from the mains via a step- 
down transformer : in universal sets, designed to work from ac or 
DC mains without alteration, the high-voltage heaters are connected 
in series with each other, and with an additional resistance if 
necessary, and are then connected directly across the mains. 

Directly heated valves are also sometimes found in ac receivers, 
particularly in the output stages. Great care is necessary in the 
design of filaments for tliese as it is nece.ssary to provide sufficient 
thermal capacity (i.e., mass x specific heat) to prevent cooling and 
con.sequent loss of emission at the pfuiod.s of zero current of the 
AC supply. 

Transmitting Valves. Valves for transmitters are necessarily 
much larger than receiving types, due to tlie much greater power 
which is generally required in transmitters. The Marconi type 
CAT14 transmitting triode, for e.xample, stands 4 feet high, has a 
directly heated filament consuming 400 amps, at 32-5 volts (each 
valve generally has a fihunent generator to itself) and is rated for 
20,000 volts on the anode. Tlie heat developed at the anode is 
sufficient to bring it to incando.scence and water cooling is necessary. 
To render this possible the manufacturers use a metal-to-glass 
weld, so making tlie anode directly accessible. Water cooling 
introduces a fresh jiroblcm. The water acquires the anode potential 
due to direct contact witli the anode, and so has to be returned to 
earth via a high resistance patli to reduce the leak to small dimen¬ 
sions. It is usually jio.ssihle to n'duce it to a few milliamps. 
A photograph of the G.Vn 4 is given in FlatolU (between pp. 128-0). 

Characteristics of the Diode. Tlie anode current, 7„, of a 
diode varies with the anode potential, as shown in Fig; 78. 
The initial curvature at low-anode voltages is ilue to the presenee 
near the filament of a “ space-charge ”, i.e., a cloud of electrons 
whicli prevents a regular flow of electrons to the anode. At hif^her 
anode potentials the space cliargc effect disa]ipears and a regular 
flow of electrons results. The final horizontal portion of the 
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characteristic represents the maximum or saturation value of the 
anode current, when nearly all the emitted electrons are collected 
on the anode. This saturation 
value can only be increased 
by increasing the heater or fila¬ 
ment current, as indicated in 
Fig. 78. The Richardson for¬ 
mula gives the value of total 
emission of a filament. The 
initial part of the characteristic 
roughly obeys the equation— 

la = 

where A; is a constant for a 
given valve operating with a 
given filament current. 

The Triode. We have 
seen the effect of the space- 
charge on the anode current 
of a diode. It is evident that 
a space-charge of controllable 
potential would be a useful acquisition, for it would enable us 
to alter the anode current at will Avitliout altering the anode 
potential. As mentioned, Lee de Forest did thi.s when he intro¬ 
duced the gi’id into the diode. If the grid of a triode be kept 
at a particular potential, with respect to the cathode, and 
if be varied, then the — E^^ curve obtained is similar to 
that of a diode. Tliis is so for any value of E^, but the more nega¬ 
tive Eg is made the less is the value of This is illustrated in 
Fig. 79, applicable to a 4-volt indirectly heated triode. From these 
curves it is possible to deduce the /„ — Eg characteristic.s, which 
are illustrated for the same valve in Fig. 80. 

From an inspection of these curves it can be seen that the grid 
potential has a greater effect on the anode current than the anode 
potential. The ratio of the change in anode potential, dE^^, required 
to give a particular change in anode cux’rent, (3/„, at constant grid 
potential to the change in grid potential which, at constant anode 
potential, is required to produce the same change in anode current 
is known as the amplification factor of the valve, //. Hence 

,, = for same <54- 

coTistant 



Kn;. 7 h.*—C urved illii-itratini; th** Uepeml- 
ance ol la on E„ for a Simple Diode with 
a tunifsteu filnmeut. 



124 VALVES, AF AMPLIFICATION, DETECTION 

In Fig. 79 a change of grid volts from 0 to — 1 gives a change 
of anode current of Q'R' at a constant anode potential of about 
150 volts. Thus P'Q' is a direct measure of which in this case 
has a value of 36. 



46,000 Olims. 


The amplification factor of a triode is practically independent 
of th^ operating conditions : it is, in fact, a function of the electrode 
geometry being given by— 

fx = cprm^ + k 
where c,k = constants, 

p = grid-anode distance in centimetres, 
r = radius of grid wire in centimetres, 
and m — number of grid wires per centimetre. 

In practice p varies from 3 for large output triodes to about 60 
for voltage-amplif 3 dng types. 






THE TRIODE 


125 


The internal ac resistance of a valve, is defined by 




SE 


a 


SI 




Eg constant 


and is clearly given by the reciprocal of the slope of the 
characteristic. It is obviously not a constant, though it is approxi¬ 
mately so over the more linear portions of the curves. is 
known sometimes as the impedance or slope resistance of tlie 
valve and varies from less than 1,000 ohms for output triodes to 
50,000 ohms for the high-amplification type. From Fig. 71), foi 
this type is 12,000 ohms. should not be confused with 

the DC resistance of the valve given by potential 

total anode current 

which is clearly controllable within very wide limits by the value 
of Eg. 

4 

The value of i.e., the slope of the — Eg 

Sjj constant. 

characteristic which is a good measure of the condition of a valve 
(that is, whether it has aged), is known as the “ slope ” or ‘ mutual 

conductance ”, g^. Thus— 




SE 


dia dE, 


SE „' SE„ 


Hl 

r: 


E 


= 0 and E^ 
100 volts. 



From this relationship it will be appreciated that g 
IS not constant, though, again, it is approximately 
so over quite a wide range of operating con¬ 
ditions. Typical values of g 
vary from about 0-7 ma/volt 
for 1-4 volt battery valves to 
10*0 ma/volt for mains output 
triodes. For a transmitting 
triode is as high as 50 
Dia/volt. From Fig. 80, g^ is 
3*0 ma/volt. 

^Manufacturers 

usually quote 
values of mutual 
conductance at 


Fio. 80.—/a — Eg Curves for a Triode sliowing Dyiiamio 
Characteristic for a Load of 40,000 Ohms. 
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Inter-electrode Capacitances of aTriode. In the early days 
of radio, triodes were the only valves available. They performed 
all operations : rf a?nplification, detection, af amplification and 
power output. Modern technique retains the triode as an af ampli¬ 
fier, and to a limited extent as a detector and high-quality output 
valve. Triodes are also extensively used in transmitters, but they 
are never used now in rf stages of receivers. This is due to the 
value of input impedance, which may be very low or even negative, 
and which, as we shall see in Chapter VIII. renders the triode 
usele.ss as a high gain hf amplifier. At audio-frequencies the 
reactances of the inter-electrode ca])acitances of a triode are so 
large compared with the impedance of other eomponents that 
the shunting effect is negligible, but at radio-frequencies this is 



Fig. 81.—roih' Cupacifancos t 

a 'IViixlt', 


not true, and. in an accurate 

analysis, the triode has to be 
% 

represented as in Fig. HI, where 
all tlie inter-electrode capaci¬ 
tances have been indicated as 
separate physical components. 

Input Impedance of a 
Triode. The input impedance 
of the triode of Fig. HI is given 
by the emf across the grid- 
cathode circuit divided bv the 
current which Hows in the exter¬ 
nal grid eire\ut. Tins impedance 
may be re])rescnte(l by a circuit 
consisting of a resistance Bg and 
a caj)acitance in parallel, con¬ 


nected between grid and cathode. The values of Rg and Cg are 


given by— 


and 

where 


R. - - 


(o( \,gA sin 0 


^ 0 == f'ac -( <?„,.(! + .4 cosO) 

amplification of the triode which, as we shall see later 
in this eliaptcr, is given by— 


= - 


,uZ 


♦ The addition in tho denominator hero is vectorial. 
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and d = phase angle by which the voltage leads the current 

in the anode circuit of the valve, i.e., Q is positive 
for inductive loads.^ 


By giving 6 various values we can deduce that Rg has two equal 

2(R + R,) 

in which R is the value of the resistive component of the anode 
load. The .positive result applies when the anode load is capaci¬ 
tive and the negative result when an inductive load is used. 
The approximate minimum values of Rg for various frequencies 
are as given in the following table. They w'ere calculated for 
R — 50,000 ohms, R^ = 10,000 ohms, = 3 ma/volt and Cg^ 
= 5 

Frequency Value of a> Value of Ug 

1,000 c/s 6-28 X 10^ 3 megohms 

1,000 kc/s 6-28 X 10® 3,000 ohms 

30 Mc/s 1-884 X 10® 100 ohms 

In general, if R^ is very large compared with the reactance of the 
load, then Rg is given approximately by— 


minima given by 


Rn — i 



—, for an inductive 


load of value L 


and 


Rg = —- for a capacitive load of value C. 

^ga9m 


Cg has a maximum value given by 


/uR 


^gc + R + RJ 

which occurs when the anode load is inductive. 


Under suitable conditions, therefore, one of which is that the 
anode load should be inductive, the input impedance of a triodo 
^a-y be negative, which means that the Q value of any coil placed 
across the grid-cathode path will be increased. It should bo noted 
that the effective grid-cathode capacitance of a triode can be 
considerably greater than the physical capacitance existing bctuecn 
the grid and the cathode. In fact, if = 40 and Cga = ^ 
then Cg has a maximum value of 200 This is sufficient to 

affect the performance of the valve at high audio-frequencies, as 
we shaU see. These effects of the grid-anode capacitance of a triode 
are known as “ Miller Effect 

Multi -electrode Valves. From the foregoing it is plainly 
necessary to have a low value of i.e., a high input impedance 
to achieve successful radio-frequency amplification. To this em 
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a fourth electrode, known as the screening grid, was introduced 
between the anode and grid. By this means it was found possible 
to reduce Cg^ to as low as 0*001 fxfxF. In the resulting tetrode, 
if the screening grid is maintained at a fixed positive potential 
with respect to the cathode, the — Eg curve is similar to that 
of a triode though the 1^ — E^ curve is completely different, as 
shown in Eig. 82. These characteristics show that the screened- 
grid valve has a very high anode ac resistance, a useful feature, for 
it means that the following tuned circuit will not be greatly damped. 
The curves also show that the anode ac resistance is negative at low 



Fio. 82. — In~K,t Curves for a Tetrode, showing Nogativo Anode AO Roaistanoo 
at Anodo Voltages, and Curves of Equivalent Pentode (dotted lines). 


anode voltages. Tltis is ca\ised by secondary emission from the 
anode, i.e., at low anodo voltages a single electron striking the 
anode may dislodge several others, which are collected by the 
screen because of its greater potential, thus increasing the screen 
current and reducing the anode current. This kink of negative 
AC resistance is useful in that it permits the construction of 
(lyuatron oscillators (see Chapter IX) but is a nuisance in that it 
prevents the development of a large swing of anode potential tvhen 
the valve is used as an amplifier. The tetrode kink may be 
eliminated by jdacing a tliird, earthed or negatively charged grid 
between the screening grid aiiil anotlo to repel the secondary electrons 
baciv to the anodo. In this way tlie pentode valve developed. 
Alternatively, if tlie anode-screen space is increased the large mass of 
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electrons which are in it at any given moment has the same effect 
as a negatively charged electrode. This gives the valve type known 
as the critically spaced tetrode.^ The former t^^pe of valve is used 
extensively to-day as an rf and af amplifier, and the kind of 
/ _ ^ characteristic obtained with them is shown by the dotted 
lines in Fig. 82. Tetrodes with critical spacing, known as aligned 
grid valves due to the fact that the wires of control and screening 
grid lie on perpendiculars from the cathode, are used mainly as 
output valves though there are also some rf valves with this feature. 
Further details about them will be found in Chapter VII. Output 
tetrodes and pentodes have a design different from that of their 
counterparts used for rf amplification ; in these more attention is 
paid to securing large and undistorted pow'er output than in reducing 
Cga to negligible proportions. 

Dynamic Characteristics of a Triode. The — Eg char¬ 
acteristic of a valve with an anode load is not the same as those 
we have already discussed. For example, consider the curve for 

= 200 volts in Fig. 80 and suppose the valve has a purely 
resistive load of 46,000 ohms. If the ht supply is 200 volts and 
the grid potential (grid bias) is —7 volts, then there is an immedi¬ 
ate tendency for the valve to take an anode currant of 1 ma. 
given by the intersection of the ordinate through —7 ^vith the 
characteristic for E^ = 200. This, however, causes a voltage drop 
of 46 volts in the anode load with consequent reduction of E^^ to 
154 volts. This, in txixn, causes a further drop in 1^ and equilibrium 
finally results when E^ = 175 volts and = 0-6 ma., this being 
indicated by the point A on the diagram. In the same way, by 
giving Eg different values, points By C and D may be obtained, giving 
the line ABGDy which has a shape similar to that of the original 
characteristic, but is of lower slope. This is known as the dynamic 
characteristic as opposed to the static characteristics considered 
up to now. Dynamic curves are valuable, for they illustrate the 
relationship between Eg and when the valve is under working 
conditions. 

When a valve is used as an ampUfier, the value of Eg is varied 
by the signal which is applied between grid and cathode. It is 
important to see that the grid potential should never become 
positive with respect to the cathode or filament.* If this occurs 

• In oscillators and certain types of ae and rf amplifiers, valve grids are 
driven positive, but in this chapter we are only concerned with Class A 
amplification in which the grid is kept negativ’e with respect to cathode 
throughout the entire cycle of potential applied to it. Subsequent chapters 
will deal with other types, such as Class B and Class C amplifiers. 

K 
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then grid current will flow in the external grid circuit and a pd is 
therefore set up across the component providing the input signal. 
The polarity of this pd is such as to oppose the applied signal. 
Thus positive signal pulses are reduced in amplitude, whereas the 
negative pulses are unaffected. This is equivalent to harmonic 
distortion. To prevent this the input signal is superimposed on 
a steady negative potential equal to at least half the peak-to-peak 
value of the signal. This polarizing potential or grid bias may be 
obtained cither from dry cells (as in old type battery sets) or from 
the PD developed across a resistor in the cathode lead as described 
in Chapter III. This latter method is now universal technique in 
mains sots and is u.sed also in battery sets in a modified form which 
will be described later. 

In Fig. 80 a sinusoidal signal of 7 volts peak to peak value 
is shown applied to the grid, ti\e grid bias being — 3-5 volts. The 
corresponding fluctuations in anode current are also shown and 
the peak to peak swing is seen to be from 0-6 to 3-2 ma., i.e., 2*6 ma. 
Across the anode load, therefore, tliere is developed an alternating 

2-6 

PD of peak-to-peak value equal to 46,000 x 120 volts, so 

A ^ 

Wo have already shown the 


120 


that the stage gain is -y-:c=I7. 

.amplification factor of this valve to be 36, so the full amplification 
is not realized in juaetice. 

Load Line for a Triode. A better way of representing work¬ 
ing conditions in a valve is shown in Fig. 79. The straight line 

A"y is such that tan 0 = and A' represents the applied ht 

of 200 volts. The static characteristic for = — 1 meets this 
line wliere = 0 (; jna, and E,^ — 175 volts, these conditions being 
roprc.sented by point A. on Fig. SO. Similarly, the points B, G 
and J) m Fig. SO all lie on the line A" 5'', where the — E^^ charac¬ 
teristics meet it. In fact. Fig. 79 has the property that for the 
\ alve and load in question the operating conditions are represented 
by i)oints lying on tlie line A'}’, which is known as the load line. 
When the signal is up]>lie(l to the grid as shown by the curve 
PQli^T, the resulting fluctuation in anode current and anode 
potential are given by the canves y«//\s/ and p'ry'r'sV' respectively. 
A point to be noticed is that tiu' variation in anode potential is 
in aiitijihasc with tlie grid potential. M'liis is only strictly true for 
a valve witl» a purely resistive load. When there is no signal on 
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the grid the conditions are represented by point P, in Fig. 79, 
known as the quiescent point. 

Deduction of Expression for Stage Gain. For any point 
P on the load line XF in Fig. 79, p'X gives the value of the 
PD across the load resistance R, and p'O gives the anode potential E^. 
These together equal the ht supply volts, E^- 

Therefore, + P^ = P^. 

If the anode current corresponding to point P is / then, from 
Ohm’s law— 

P^ = IR and P„ = IR^, 

which gives 

Eb = + Ea)- 


Now the maximum possible peak value of anode potential is clearly 
limited by the value of ht supply volts, and this swing would be 


brought about by a grid 




swing oi 

/iE, = + Ra) 


We thus have— 


This is for a steady state. If Eg increases to Eg + dEg and the 
corresponding change in P^ is to P^ + ^P/j, then— 


^^(E, + 6E„) = •+ R,) 


giving 


Now since 


dE^ _ 

dEg R + Ra 


■^a + 


then Pfl + ^Pa + "h 

giving by subtraction <5P(, = — dEj^. 


Therefore 


dEg R + Ra 


the negative sign being expressive of the phase difference between 
the anode and grid potentials. Substituting the values of p, Ra 
and R appropriate to the earlier example on the triode valve, we 


have 



25 X 46,500 
46,500 + 18,000 
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which agrees well with the result obtained graphically from 
Fig. 79.* 

Examination of this result shows that if R is very much greater 
than which is often true for a triode, then the stage gain 
approaches //. In practice R is usually two or three times 

Pentodes, particularly the rf type, have a very high impedance 
(usually of the order of a megohm), and for these is usually 
greater than R. The stage gain may, therefore, be written— 

j ^ _ n R 

R + R, ■>"' ■ 

Comparison of this with the corresponding formula for a triode 
shows that the effective mutual conductance gJ^ for a triode, i.e., 
the slope of the curve realized in practice, is given by— 


a' 

Urn 'r% 


R + R^ 

The value of g/,^ gives the slope of the dynamic characteristic, 
whereas is the slope of the static characteristic. 

Constant Voltage and Constant Current Generators. The 
formula for the stage gain of a triode neglecting the phase difference— 

R + R. 



Fio. 83.—Funclftmontnl Circuits for (a) Constant Voltage Generator and (6) Constant 

Ctirront Generator. 


shows that the valve behaves, as far os ac is concerned, as a generator 
of voltage ^i.dEg and internal resistance i?„ as showm in Fig. 83 (a), 

* Tlio values of ft and A*„ used in this calculation, i\amely, 26 and 18,000 
ohins respectively, arc not those quoted earlier : they are modified values 
derived from tlio — E„ curves of Fig. 79 neitr the quiescent point P, i.e., 
are the values which are re^vlized in practice. 








AF AMPLIEICATION 


133 


in which the dotted line represents components within the valve. 
In this diagram the ac flo\ving is clearly given by— 


R 


so that the alternating potential developed across R is given by 

RfxdEg 


dEj^ = iR — 


R Rg 


The stage gain is thus given by— 


A = 

SEg R + Ra 

This idea of the equivalent valve generator is very useful and will 
be extensively used in ensuing chapters. 

Whenever the internal resistance of a valve greatly exceeds the 
value of the load resistance, which occurs sometimes with triodes, 
but more frequently with pentodes because of their high value of 
Rg, it is convenient to regard the valve as a generator of constant 
current. 3 From the preceding work we have already seen that if 
dEj^ is the voltage developed across the load resistance, then— 



dEg,UR 

R A- Ra 


which may be written— 

= -rtb: 



from which it is seen that the valve behaves as a source of cun’ent 
of value g„i dEg flowing through a circuit consisting of the valve 
and its load in parallel as shown in Fig. 83 (6). If R may be 
neglected in comparison with then— 

bEj, ^ 

as before. This idea, too, will be extensively used in subsequent 
work. 

AF Amplification. We can now consider the problem of 
audio-frequency amplification, i.e., the simultaneous amplification 
of all frequencies between 50 and 10,000 c/s. We have already 
seen that a triode may be used as an amplifier provided that the 
signal on its grid does not exceed the gi'id base and that appro¬ 
priate grid bias is provided. In Fig. 84 V^ and V^ are so used, 
grid bias being automatically provided, as described in Chapter III, 
by the pd across the resistors ^^4 and i? 8 - The networks R^C^ 
and iJaCe are provided for the purpose of decoupling (also described 
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in Chapter III). The anode resistances and R^ are chosen so 
as to be 2 to 3 times the anode ac resistances of Vi and respec¬ 
tively. Tlio coiipling condensers Cj and C^, which serve the purpose 
of handing the alternating pd’s appearing across the anode load to 
the grid of the succeeding valve, are so chosen that their reactances 
at the lowest frequency it is required to reproduce are negligible 
compared with the value of the grid leak of the followng valve. 
(This usually means one-tenth in radio work.) The grid leaks in 
Fig. 84 are i?, and R^. Their purpose is twofold : to apply grid 
bias to the valve with which they are associated and to provide 
a path back to the catliode of the previous valve for the alternating 
current which Hows through the coupling condensers. If the 
reactairterT'of C\ is negligible compared with R^ at all audio-fre¬ 
quencies, then, as far as AC is concerned, is effectively in parallel 
with R 3 , so reducing its value and consequently the stage gain of 
Kj. In fact, the stage gain of Vi is given by— 



-^ 3^6 




Ih + R 


To reduce the shunting effect of R^ on R^ it is usual to make R^ 
at least ten times R^. If R^^ is 50,000 ohms, a tyi)ical practical 
value, then A’j may be 0*5 megohm and C 3 01 //F. This value of 
caj)aeitanee lias a reactance of 32,000 ohms (from Fig. 35) at 50 c/s. 
Besides reducing the stage gain, if is made comparable with i?,, 
then the load line for R^ on the 7,^ — characteristics is made 
steeper by rotation in a clockwise tlireetion about the quiescent 
point, so entering the region wliere the characteristics are more 
curved, giving increased harmonic distortion. 

More important tlian tins, if the valve is handling n particularly 
largo signal then this rotation of the load line may actually cause 
the output waveform to be seriously mutilated in exactly the way 
shown in Fig. 1)5 for tlio diode valve. It is particularly important, 
therefore, for valves wliieh are driven to the limit of their signal 
handling capacity, tliat the following grid leak should bo great 
compared Avith the value of the anode load. If tlio valve is handling 
only a small signal, as, for exanqile, in the case of the lii^st valve 
in a microphone amplifier, tlien this slumling effect is not so 
important and may not, in fact, introduce any additional distortion 
at all. It may bo shown that pentodes introduce less distortion 
than triodes as a consequence of tliis rotation of the load line. 
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In this system of af amplification, known as resistance capaci¬ 
tance, or more simple rc amplification, it is important that the 
coupling condensers are of good quality. A high value of insulation 
resistance in these is essential. Let us suppose the leakage resistance 
of Os in Fig. 84 is R' ohms. Then a positive potential will be 
applied to the grid of Fa given by— 

V E 

R 2 + H~ -^6 + R 

where Ej^ is the ht supply to the amplifier. In this expression we 
have neglected the pd produced across R^ and R 3 by the anode 
current of V^. Unless R' is particularly large, therefore, this 
positive bias will neutralize the negative bias and serious distortion 
will result from the grid of Fa going positive. 



Fiq. 84.—Circuit of Simple Two-stage rc coupled af Amplifier. 



Frequencyt in c/s 

Fig. 85.—An Example of the Typo of Response Curve obtained by using the Circuit 

shown in Fig. 84. 
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Design of a Resistance-capacitance Coupled Amplifier. 
The choice of valves and components for use in a simple amplifier 
such as that illustrated in Fig. 84 depends on the output voltage 
wanted and the signal input expected. Suppose an output of 
100 volts, peak-to-peak value, is wanted from Fa, and that a signal 
of peak-to-peak value 0-5 volt can be expected to feed Fj. Then 
it would be convenient to give Fa an UT supply of 200 volts and 
let ft of Fa be 10. The stage gain wiW depend on the load connected 
across the output of Fg, but if this is high enough, then a stage 
gain of 6 can be expected from Fg. From the load resistance of 
Fi, therefore, a swing of 17 volts is wanted. F, can hence be 
a high magnification valve with /z equal to, say, 40. By appropriate 
choice of and it will be possible to get a stage gain of 

.30 from the first valve, so that an input of approximately 0*5 volt 
will be required to load the amplifier fully. 

The Frequency-response of a Resistance-capacitance 
Coupled Amplifier. The formula which we have been using up 
to now to calculate stage gains, namely, 


stage gain = ^ ^ 




applies when the reactance of the coupling condenser (C^) is assumed 
negligible comj)ared with the value of the following grid leak (Rgj), 
and also when the reactance of the various capacitances which 
shunt the anode loa<i (/?/), such as (the anode-cathode capacitance 
of the valve feeding an<l Cg (the capacitive component of the 
input impedance of the following valve), are assumed very great 
compared with the value of Rj. I'hese assumptions are only 
justified at the middle of tlio \v spectrum, say at 1,000 c/s. At 
low audio-lrerpiencies tlie stage gain is less than predicted by the 
tornuila above, due to tlie reactance of the coupling condenser 
becoming appreciable compared with the value of the grid leak. 
The effect of tlie value of the coupling condenser and the following 
grid leak was dealt with in Chapter III, where it wjis shown that 
the value of the time constant of a series RC network controlled the 
amount of loss introduced at low frequencies according to the 
expression— 



in which is the alternating pu applied to the RC combination 
and is the output voltage developed across the resistance. For 


A RESISTANCE-CAPACITANCE COUPLED AMPLIFIER 137 


this case t = C^figi. Applying this to the Rc-coupled amplifier, 
Ex win be the fd developed across the load resistance i?, and 
will bo the output pd across so that we shall have— 



and 


Ex = E,-- 


^iRi 


El + Ra 


where Eq = input signal applied to the grid of the valve feeding Rf. 
Hence (stage gain at low frequencies) 


fiRi 

Ri + R 


1 



1 + 


1 




stage gain at medium frequencies 




MF 



1 + 


1 


<0~^G,^Rgl^ 


At high frequencies the output and input capacitances of the 
valves become important as they tend to reduce the effective value 
of the anode load. Some work was done on the high-frequency loss 
caused by shunting a resistance by a capacitance in Chapter III, 
but there we were concerned with the loss of a parallel RC network 
fed from a source of constant current; a source, that is, with an 
internal resistance which greatly exceeds the value of i?/ in the 
network. This condition is not satisfied by a triode RC-coupled 
stage of amplification in which it is customary to let Ri be two or 
three times the value of R^- We cannot, therefore, apply the 
formula derived in Chapter III to this particular case and a fresh 

analysis is accordingly necessary. 

This will be carried out with the aid of Fig. 86, which illustrates 
a stage of Rc-coupled amplification at (a) and the equivalent 
electrical circuit at (6) and (c). represents the total stray 
capacitance shunting Rj and includes contributions from the valves 
feeding and fed fro m the coupling circuit. The reactance of at 
high frequencies may be neglected in comparison with Rgi, and 
accordingly R> and Rgj may be regarded as being in parallel so that 
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Fio. 86.—A Stage of RC-coupled Amplification (a), and Equivalent 

Electrical Circuit (b) and (c). 


they may be replaced by a single resistance of value i?/ as shown 
in Fig. 86 (c) where 

D / _ 

At medium frequencies, e.g., 1,000 c s. the stage gain is given by— 



Ji/ + 



whereas at high frequencies, say 10,000 c s,— 








the addition in the denominator here being vectorial. Z 
impedance of 6^^, and /?/ in parallel as shown in Fig. 86 (6). 


(1) and (2) above 


^IIF 


Z i?/ 4- i?.. 
'''"’Z‘+ i?,* ■ ■ 




= A 


MF 


Z{r; + i?..) 
R!(Z -f 


is the 
From 


Now Z is given by 


-3X,r; 

R{ - 3^c 
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in which is the reactance of C^. 

- 


. A 


HF 


A 


MF 


■' ^ ‘AR;+Ra) 

.^l _ 

,/ -jXA/ , ^ 

^ A "i” ^n) 

^ +BjBi -jX,) 


- ^MF - 


1 


= A 


+ XX+ 

x,r; + XA 

1 


MF 


1 +i 




KiB ,; 

^ci^l + ^a) 


in which 


and therefore 

Ahf = ^MF ^ - 

Jf ^ Rl'Ra = 1 

“ R,' + X 1 


Ra ^ R, Xl 


, . . stage gain at medium frequencies 

stage gam at high frequencies = - - -- 2 ^ 2 - 

From this it is clear that the high note loss in an RC-coupled 
amplifier is due to the shunting effect of Cg on i?, and Rgi all 
in parallel. 

The Design of an RC-coupled Amplifier. In designing an 
RC-coupled amplifier to give a particular response curve one may 
proceed as follows. Suppose x is the fraction of the gain at medium 
frequencies which is wanted at /i, the low-frequency extreme of the 
desired frequency range, and also at / 2 , the high-frequency extreme. 
Let 0)1 = 27 r/i and co^ = 27 r/ 2 . From the work above we have— 


A 


LF _ 


- = X. 


MF 



1 + 


1 


Hence 


and 


+ 

1 


1 


1 


= 1 




a = 


1 = 


X 


\ — X 

x^ 




( 3 ) 
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Similarly, we have that 

^ =x 

Vi + 

from which it follows that _ 

R, = . . . . (4) 

From (3) and ( 4 ) it is possible to deduce what values are necessary 
to secure a desired response curve. Suppose, for example, we want 
a response flat within 1 db. from 50 c/s to 10,000 c/s. For 1 db. loss 
a: 0-9. We will fix and Rg[ at 50,000 ohms and 500,000 ohms 

respectively. Substitution in (3) gives—- 

^ _ _0*9__ 

2 X 3-142 X 60 X 500,000 X V019 


= 0 013 /^F. 

This result could also be deduced from Fig. 38 of Chapter III. 

Suppose the total stray capacitance is assumed to be 200 /i/zF. 
Then Rq is given, from expression (4), by— 

_ Vo^ 

" ” 2 X 3“l42 X io'.OOO X 200'X l6-i® X 0-9 


Since 


where 


= 38,500 ohms. 



R,'R„ 

Ra+R,' 


then 





+ Roi 


50,000 X 500,000 
550,000 


45,500 ohms. 


_ 45,500 X 38,500 
' ■ " ” 45,500 — 38,500 

^ 250,000 ohms. 

The anode ac resistance of the valve feeding the coupling circuit 
should therefore not exceed about 250,000 ohms or the loss will 
exceed 1 db. The anode ac resistance is most unlikely to exceed 
this value in practice so that the loss at 10,000 c/s will probably 
be less than 1 db. 

If in the above example the total stray capacitance had been 
only 100 ////F, then Rq ~ 77,000 ohms for 1 db. loss at 10,000 c/s. 
This is greater than the value of R^ and hence, for this case, as for 
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A.F. Output 



H,T.+ 


any case where the value of cannot adversely affect 

the response curve at high frequencies at all. 

A typical response curve for an RC-coupled amplifier is given 
in Fig. 85. For an amplifier having several stages the individual 
response curves for the various stages may simpl}’’ be added if they 
are expressed in decibels. 

AF Amplification using RF Pentodes. The maximum gain 
obtainable from a single stage of af amplification using a triode 
is limited to the value of 
/X for the triode. The gain 
cannot therefore exceed 
about 50. Much greater 
amplification is possible 
by using rf pentodes, and 
a suitable circuit is given 
in Fig. 87. In this the 
potential divider formed 
by and R^ across the 
HT supply is adjusted so 
that the screen potential 
Eg is approximately the 
same as the quiescent 
value of E^, i.e., the value 

of Efj^ for no signal on the grid. The v’^alue of is given by 

, „ EfiR 2 

where = screen current. 

Suitable component values are as follows : 

Rz = 50,000 ohms ; R 3 = 20,000 ohms ; R 4 = 100,000 ohms. 


Fjq, 87. —^Typical Circuit for rf pentode used 
as an RC*coupled af Amplifier. 


Using such values a stage gain of 200 times is easily obtained. 

The resistors Rz, R 3 and the condenser shunting R 3 together 
form the screen load of the pentode, and if this has an appreciable 
value the screen potential will fluctuate in sympathy with the 
gild signal, giving reduced gain. To make the screen potential as 
steady as possible the screen load should be small. Normally it is 
kept less than 1,000 ohms. Hence it is a good plan to make the 
reactance of the condenser equal to 1,000 ohms at 50 c/s. From 
Fig. 35 the capacitance required is about 3 /xF. 

It is possible to omit the resistance R 3 in Fig. 87, in which case 
the circuit becomes as shown in Fig. 88. The calculation of the 
necessary value of Rz (and hence Cz) is now particularly simple. 
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H.T.-h 



H.T- 


For an rf pentode the screen current is approximately propor¬ 
tional to the anode current over quite a wide range of operating 
conditions, and is usually one-third or one-quarter of it. Take 



order to make the screen potential equal to the 
quiescent value of (this is a good working arrangement), 
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must be four times Ri, so that if R^ is 100,000 ohms, then should 
be 400,000 ohms. The value of has to satisfy the same require¬ 
ment as before in order to keep the screen potential steady, and 
a value of 2 //F is commonly used. If C 2 is made too small, then 
the screen load will be too large at low frequencies, resulting in loss 
of amplification and hence “ bass cut This circuit has the 
advantage over that of Fig. 87 in that the value of the screen 
potential is to some extent self-compensating for changes in ht 
voltage. If, for any reason, the ht voltage drops, then falls 
and the pd across R 2 also falls, so that E,., though lower than before 
the change, does not fall in the same proportion as the ht voltage. 
Experimental curves illustrating this point are given in Fig. 89. 

Choke or Transformer-coupled AF Amplification. If the 
anode load of a valve is purely reactive, then there is no steady 
loss of HT volts across it and so the quiescent point lies on the 
characteristic for = E^- When the grid receives a signal the 
anode potential fluctuates in sympathy with it about the value E^, 
thus bringing into play the characteristics for E^^ > E^ as well 
as those for E^ < Ejj. The grid base and grid bias are thus twice 
as great as they were for rc coupling and theoretically are 
given by— 

• 1 1 . j V • 

grid base = —— ; grid bias =-. 

These optimum values are never realized in practice. 

In practical amplifiers there is always some resistance present 
with the reactance, and for this case the load line becomes an 
ellipse, the eccentricity of which depends on the ratio of resistance 
to reactance. The greater the ratio of resistance to reactance the 
more nearly does the load line approach a straight line. The point 
representing the operating conditions moves round tlie ellipse in a 
clockwise direction for inductive loads and anti-clockwise for 
capacitive loads. Further details about elliptical load lines will be 
given in Chapter VII. 

For a pure inductance of value L the stage gain is given by 

A - _ 

R^ jL(o' 

For large stage gain therefore Leo must be large, and at low fre¬ 
quencies this means that L must be large. This necessarily entails 
considerable resistance, with the result that the ellipse is rather 

flat and the theoretical extension of the grid base to is not 
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realized. If the resistance present is not negligible, then, if its 
value is R — 

A = 

giving the numerical result— 

Transformer-coupled AF Amplification.** ® If the induct¬ 
ance we have been considering is the primary of a transformer 
with a step-up turns ratio of 1 : /f, then, if there is no load on the 
secondary, the stage gain is given by— 

A _ 

^ R '^ R^-y jLpO) 

where Lp is the primary inductance. 

In order to analyse the performance of a transformer-coupled 
amplifier we will use the equivalent circuit of such an amplifier 
given in Fig. 00 (6), in which the turns ratio has been reduced to 

unity by replacing the output voltage E' by ^. Fig. 00 (a) gives 

the circuit of the amplifier. We can use the same technique as 
for KC coupling, namely, that of dividing the af spectrum into 
low, medium and high frequencies. 

In Fig. 00 (6) Lp = incremental primary inductance, 

Rp = primary resistance, 

I = leakage inductance referred to secondary, 

R^ = secondary resistance, 

* 

C/ = total secondary capacitance, 

Cg = input capacitance of succeeding valve, 
and Cg = capacitance of secondary winding. 

Consider first the medium frequencies. If Lp = 50 H, a likely 
value, then the reactance of the primary at 1,000 o/s will be 
300,000 ohms approximately. This is very much gi'eater than the 
anode impedance of mo.st triodes. Similarly the impedance of the 

series-tuned circuit formed by 

secondary side is very much greater than R^. Consequently the 
full amplification factor of the valve is realized and the stage gain 
is simply /(K. 

At low frequencies the impedance of the tuned circuit in the 
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secondary side is even greater than it was for the middle frequencies, 
but the reactance of Lp is now comparable with and so 



Fio. 90.—Circuit of Transformer-coupled af amplifier (a) and its Equivalent Circuit 
(6', with Modifications for Low Frequencies (c) and High Frequencies (a). 


the equivalent circuit of the amplifier becomes as indicated in 
Fig. 90 (c). 

From Ohm’s Law the current, /, in this circuit is given by 

r ^_ 

+ j<oLp 

and hence the output voltage, becomes 

E' r- r ^‘EJ0lLp 

K = 

_ ^ ^ jo^EpfiK 
■■ Rp+j(^Lp 

io^Lp 
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which is clearly less than so that the response falls off at low 
frequencies. In fact— 

^LF = 


where so that the response is 3 dbs. down for 

that frequency for which coLp = i?p'. 

At high frequencies the reactance of the transformer primary 
is very large compared with The tuned circuit consisting of 

^ 2 ’ ^2 ^^{^8 + ^o)' however, resonates in this region. The 

equivalent circuit, therefore, appears as given in Fig. 90 (d) and 
we have— 



A - ^ - 


E 




1 


<«c; 


(R' + if;) + j 




in which 




^ r 

K^’ 


and c; = KHC, + C,). 


Comparing this with the result for medium frequencies— 



A 


MF 


X 


1 






+ R.r + 


("'■ - i 


The Iiigh frequency response may thus be greater (showing a 
resonance peak) or less than tl\e response at tlie middle of the 
spectrum, depending on the relative magnitudes of V 

and Cg. 

For a good performance from a transformer attention should 
therefore be paid to the following points— 

(а) a large incremental permeability is required to give good 

bass response, 

(б) for a good high-frequency response the resonant frequency 

of r and Cg should be at a high audio-frequency and the 
various resistances and i?, should be so chosen 

that the peak due to the resonance is flattened out to 
give a level response. 

In Fig. 91 examples ai*e given of the response curve of a 
well-designed transformer (i) and a poorly designed component (ii). 
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In confirmation of these points the following details of a 
good intervalve transformer are added— 


primary inductance with 5 ma. dc flowing 
primary inductance with no dc flowing 
secondary inductance with 5 ma. dc flowing 
secondary inductance with no DC flowing 
leakage inductance measured from primary 
primary resistance 
secondary resistance 
secondary capacitance 
turns ratio 


= 100 H 

= 250 H 

= 1,225 H 
= 3,063 H 
= 0-8 H 

= 2,500 ohms 
= 32,500 ohms 

= 620 fifx'F 

= 1 ; 3*5 


Transformer coupling is generally only used with triodes, because 
the high of rf pentodes emphasizes the peak in the high-frequency 
response and gives a loss in bass. This can be eliminated by shunt¬ 
ing the transformer primary with a resistor of about 30,000 ohms 



Fig. 91,—Response Curves for (i) a Good Transformer and (ii) a Poor Component. 

equal to the 72^, of an average triode, but in tliis case the advantage 
of the high ^ of a pentode is entirely lost. 

An interesting type of af coupling is that of the parallel-fed 
transformer, a circuit employing a transformer the primary of 
which is supplied with af from an rc network as used in rc coupling.® 
Advantages of this mixed coupling are that the primary winding 
does not have to carry any steady dc and that the bass response 
can be “ held up ” by designing the primary inductance to resonate 
with the coupling condenser at a low audio-frequency. 

Applications of the Diode. By virtue of the property that 
anode current can flow only from anode to cathode, a diode is 
frequently used for the following purposes : 

(a) rectification of ao to dc in mains-driven receivers, 
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(6) demodulation or detection, i.e., separation of af from 
modulated rf, 

(c) provision of voltages for avc, afc and other purposes 
in receivers. 

The Diode as a Rectifier,’ ® Fig. 92 shows the type of recti¬ 
fying circuit now used in nearly all receivers designed exclusively 
for use on ac mains. An indirectly heated rectifying valve 
the heater of which is energized from a small secondary winding on 
the mains transformer, has two anodes connected to a high-tension 
winding on the same transformer. R is the load {i.e., the receiver) 
and LC 1 C 2 is a smoothing circuit, L being an iron-cored choke 



Fio. 92.—Circuit of Typical Full-wavo Rectifier. 


(oft'*n the field of tlie loudspeaker) and Ci and large condensers 
of the electrolytic type with a capacitance of about 8 and 16 /zF 
respectively. The iiT .secondary is centre-tapped and the rectifier 
anodes deal alternately with successive peaks of AC, thus providing 
full wave rectification. The efficiency of the rectifying process may 
be assessed tlius. If a very small current is taken from the recti- 
fying valve then the voltage chop across the secondary ht 

winding of the transformer and across the valve itself will be 


negligible and the steady potential across Ci will equal the peak 
value of the ac across each half of the secondary winding. This 
is well illustrated in Fig. 93, which gives the curves for a t 3 'pical 
full-wave rectifying valve. The voltage drop increases as the 
ciuTcnt drain increases according to these curves wluch are drawn 
for C\ ^ 8 u¥. 


In domestic receivers L is often the field wimling of an energized 
loudspeaker, the resistance of which lies usually between 700 and 
2,000 ohms, the inductance being about 20 H. The current drawn 
by such receivers varies from 40 to 100 ma., and generally 100 
to 120 volts are lost across jL, so that, if each half of the secondarj^ 

winding supplies 300 volts ac, then finallv about 2o0 volts are 
available for the receiver proper. 
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There is a considerable ripple voltage superimposed on the 
PD across Ci (Fig. 92) and its waveform is not sinusoidal. There 
are many harmonics present, but the fundamental component has 



Fig. 93.—Characteristics of Full-wave Rectifying Valve. 


a frequency of 2 f, where / is the frequency of the mains, and its 
magnitude is given by— _ 

El _ ripple voltage (rms) _ V/2 
Eq DC output coRCi 

where o) = 2 nf. 


The circuit LG^ reduces this ripple to proportions small enough 
to be, in general, negligible. Its effect may be assessed by the 

relationship— 

E^ ripple voltage across R _ ^ 

El ripple voltage across Ci (o^LCi 1 

Assuming therefore that R = 4,000 ohms, 2/ = 25 H and 
Ci = O 2 = 16 //F, then the percentage ripple across R for a mams 

frequency of 50 c/s is given by— 


1002 ? 

1-414 


V2 

coRCi 


X 


oj^LC, - 1 


X 100 


1 


27i:.50.4000.16.10 


-6 ^ 47r2.502.25.16.10'® - 1 


X 100 


= 0 00175 per cent. 

Even such a small ripple as this may cause audible hum in the 
loudspeaker, particularly if the receiver contains a high-gam ^ 
amplifier, and precautions may be used to reduce it. sue as e 
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well-known method of deliberately inducing some alternating 
potentials into the speech-coil circuit which are in antiphase to 
the “ hum potentials ” present by means of a “ hum-bucking ** 
coil inductively coupled to the field coil of the loudspeaker and 
connected in series with the speech coil. 

The Diode as a Detector of Modulated RF.® The diode is 
possibly the most popular type of detector at present in use, due 
to the very low distortion content of its output, when the circuit 
is properly designed, and to the comparative ease with which it 
is possible to derive voltages for avc and other purposes from it. 



A typical detector circuit is shown in Fig. 94 . The modu¬ 
lated RF potentials appearing across the tuned circuit LxCx are 
applied between a diode anode and cathode of the double-diode- 
triode V. af potentials corresponding to the modulation appear 
across Ri + of which R^ is the load resistance. and Oz are 
provided as a filter to prevent kf reaching the grid of the af amplifier. 
Rfi^ is the automatic bias circuit for the triode amplifier. Cj 
should clearly liave a reactance small compared with i?, at the 
radio frequency used so that the full rf voltage is applied to the 
diode. Also, as shunts ^ 3 , to avoid frequency distortion of 
the af output, the reactance of Cz must be great compared with 
Rz at the highest audio-frequency wanted in the output. We 
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have thus the following relationships for successful operation of 
a diode detector— 


1 

COjU 3 
1 

CO^O 3 


<^i ?2 where a>i = 27i x lowest radio frequency applied to 
diode, 

^ where Wa = Stt x highest audio-frequency desired from 
diode. 


Typical values used in practice are 0-5 megohm and 100 /nfzF for 



normal receivers, and 100,000 ohms and 100 fifiF where high quality 

is wanted. . , 

Consider Fig. 95 which illustrates the curves or a lo e 

valve. Each characteristic corresponds to a particular p^ va ue 
of unmodulated rf signal applied to the anode. Note t at some 
anode current is present even when the anode potentia is zer^o. 

Through the origin the load line OA is drawn such that tan AOB = 
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4 

For thf purpose of this example has been taken as 0-25 megoHm. 
As in the case of the load lines considered earlier, the intersections 
of OA with the characteristics give the working conditions 

of the valve. As an example, when the peak rf voltage applied 
to the anode is 10, the anode current is 33 micro-amps, and the 
anode potential — 8-3 volts. If now the bf carrier is modulated 
to a depth of 100 per cent, its value swings from 20 volts to zero, 
and, from the curves, the corresponding fluctuation in anode 
potential is from — 0*7 to — 17-5 volts, an output of 10-8 volts. 

In practical circuits, conditions as simple as this rarely arise. 
In Fig. 04 we can see that the load resistance i?a is shunted 
by the volume control i?i* as the condenser 0* is chosen to have 
a reactance negligible compared with R^ at lowest audio-frequency 

jR a 

wanted, so that the true value of the load resistance is ^. 

it a -f- -^4 

The true load line is thus as given by BCD in Fig. 95 and it 
is immediately clear that if the rf carrier is modulated to a depth 
of lOU ])er cent., then serious distortion will result as the positive 
peaks of the af output will be clipped. An attempt has been 
made to illustrate tliis process in Fig. 95. In this the curve 
Cepjh represents the envelope, i.e., the modulation waveform (actu¬ 
ally loo per cent, modulation and a sinusoidal waveform are as¬ 
sumed) of the RF carrier. Although peaks of 100 per cent, modula¬ 
tion seldom occur in broadcasting (the average is 30 per cent.), to 
minimize this distortion R, should never be less than ten times i?,, 
the effective value of the load resistance then being 0’9i?j. 

The characteristics of the diode may be considered as straight 
lines for inputs exceeding about 10 volts. If we also make the 
assum])tions that they are parallel and equidistant then wo can 
say— 


E 


ij - detection efliciency 




the AF voltage output 
peak RF volts 
from which E^^^. = V'2}imE,,p 

in which nr is the modulation depth and E^^^, is the rms value of the 
ap]>licd RF voltage, tj is generally about 0-9 for R^ = 0-5 megohm. 
It is easily shown from Fig. 95 that the greatest modulation depth 
acceptable without distortion is given by— 

/?4 

R^ + Ri 

• 7^2 i''^ shunted also, to an extent depoiuling on the setting of the 

* ^ the input impedance of the triodo section. Tliis is a 

very small ofToet, however, and will bo neglected. 


tn 
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. These results, though useful, are approximate, due to neglect 
of i?,, which actually forms part of the diode load, and to the 
assumption that the resistance of the anode-cathode path of 
the diode is negligible. The latter is generally about 5,000 ohms 
and about 50,000 ohms. If these factors are taken into account 
then the formulae for and m become— 


where 


_ V2rimR^ 

Ra + R: + 

R R 

R' = —= effective value of load resistance, 

-h 

_ Rz' "V ^1 + Rd 

Rz + + Rd 


ana 


T] = 


R 


(b) 


Rz 4 - Rd 

To obtain good results from a diode detector therefore, attention 
should be paid to the following points— 

(a) = lOR^ at least, e.g., Rz = 100.000 ohms, 

= 1 megohm, 

choice of Rz and Cz dictated by necessity of avoiding fre¬ 
quency distortion as mentioned above, e.g., Rz — 100,000 
ohms and Cz = 100 ////F, 

(c) use of a large input so that the working points occur in 
the region of straight characteristics. The characteristics 
are approximately parabolic for small inputs. 

One disadvantage of the diode detector is that it imposes damp¬ 
ing on the tuned circuit which feeds it.^**- It can be shown, in 
fact, that this damping is equivalent to placing a resistance of value 
Ri across the circuit, where— 

Rz 


R. = 


-77 


which, if rj is taken as unity, gives— 

p ^ 

“ 2(i?7+ R.) 

30 that, if i?, = 100,000 ohms and R, = 1 megohm 


R. 45,000 ohms. 

Such a value is likely to reduce the Q of the preceding circuit 
seriously, so this damping should be taken into account in the 
design of, say, an if transformer which has to precede a dio e 
detector. 
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The Diode as a Source of AVC Voltage. For the purpose 
of providing Automatic Volume Control a diode detector is required 
to give an output dependent at any instant on the unmodulated 
RF applied to it. The second diode of the multiple value V is so 
used in Fig. 94. To obtain as large a voltage as possible and to 
reduce damping of the tuned circuit feeding the diode to a minimum, 
it is customary to employ a large load resistance, say 2 megohms. 
To suppress af and rf components in the pulsating pd developed 
across the avc diode load in Fig. 04, a low-pass filter is employed. 
This may consi.st simply of a one-megohm resistance (Z?#) and 
a 0-1 //F condenser 

'I'he cathode of the valve V, which is common to both diodes* 



Fks. IMK—Illustrating tho .Xc’tion of an avc Diode. 


and the triode .section, is positive witli respect to HT— due to the 
Pi> developed across /{j, the automatic bias resistance of the triode 
amjilitier. As is returned to ht - the anode of the avc diode 
is bia.sed negatively with respect to its cathode by an amount equal 
to tile grid-bias value of this triode amjilificl'. Hence the AVC diode 
will not conduct until the peak hf voltage applied to it exceeds 
this value.* There is hence no avc voltage until the signal appUed 
to the diode exceeds a certain value. This is an example of 
delayed avc; and the performance of such a system will be 
discussed later in tlic section on superheterodvne receivers in 
Chafiter IX. 


* Tl 


ns tn'vils a littU' (jimlilication, for, as wo have soon, a diodo 

will conduct wlit'u its anode is sliglitly negatixf with respect to tho 

cathode. A lillic correction is accordingly necessary hero. 
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The performance of a diode detector thus biased may be repre¬ 
sented as shown in Fig. 96. This illustrates the curves 

of the valve and load line for which cot 6 = 2 megohms. The load 
line cuts the horizontal axis where E„ = — 2-5 volts, this being 
the grid-bias value chosen as an example for the triode section. 
It is now obvious that there can be no anode current in the diode 
until the rf input to it exceeds approximately 2-5 volts in peak 
value. The upper of the two horizontal scales given in this figure 
represents the pd of the diode anode with respect to its cathode. 
The Avc voltage is the pd between the anode and ht — and the 
values of this pd for various values of rf input are given in the 
lower of the horizontal scales. The difference between correspond¬ 
ing values on the two scales is 2-5 volts. From this figure we can 
see that the avc voltage is — 1T5 volts for an input of 15 volts 
peak value. 

The Anode Bend Detector. The 1^ - Eg curve of a valve 
may be represented by the series— 

l, = a+bEg+ cEg^ + dF/ + . . . 

in which a represents the anode current in the absence of a signal 
on the grid. 

If, therefore, a modulated signal given by 

Eg = Eq {I + m sin pt)sin cot 

be applied to the grid the resultant anode current is given by 

= ct + 6J^o(I + sin^O sin cot 

cEo^l m sin pt)^ sin^ cot -}- ■ . • 

= a -f 6.Eo( 1 + w sin pt) sin cot 

+ icEo^ll - cos2cot){\ + 27nsinpt + - cos 2pt)}-\- , . . 

On expansion this expression will be seen to contain many com¬ 
ponents, but the chief of them are— 

(а) a DC component of magnitude lcEo^{l + , 

(б) an AC component of frequency ^ and amplitude cmEo^ , 

(c) an AC component of frequency — and amplitude ^cm'^Eo • 

The second of these terms is the wanted modulation frequency 
and the third is the second harmonic of it. It will be clear that il 
other terms in powers of Eg higher than the second had been con¬ 
sidered in the original expression for the — -^cp curve, t en 
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additional terms involving higher powers of the modulation fre¬ 
quency, representing higher harmonics, would have been introduced. 
If only the first power of Eg is considered, then no component of 
modulation frequency results, i.e., a device with a linear character¬ 
istic will not detect.* The second, or higher, powers are necessary 
to introduce a term involving the modulation frequency. In other 
words, any continuous non-linear characteristic will detect, and 
clearly the greater the value of c, the coefficient of Eg^ in the equation 
to the characteristic, the more efficient will be the detection. 

The /q — Eg characteristic has two such regions where the value 
of c is suitable for detection, one near the point of saturation 



Fio. 97.—Circuit of Anodo BomI Detector. 


anode current and the other near the ])oint of cut-off of anode 
current, llie latter jwint is jircferable since it involves a smaller 
anode current, and detectors using this “ bottom bend ” curvature 
are known as anode bend detectors. A circuit using this arrange¬ 
ment is given in Fig. 07, in wliich the value of the bias resistor R 
is chosen so that the operating point lies within the region of bottom 
bend curvature. The by-pass condenser, (7, should be noted : its 
function is to present the valve witli a low value of anodo load as 
far as rf is concerned so tliat tlie static E„ — ^ curves of Ficr. so, 

1/ <l O * 


This is not strictly trvio for a <iiocio is a linear detector. Wliat is meant 
hero is that no detection results it tho peak-to-peak anode or grid swing of 
the detector lies entirely within tho grid bivse. the characterisUc being assumtxl 
linear. Tho diode develops its own negative bins on tho anodo and so bohavos 
83 if it is biased back to tho point of anodo emront cut-off. 
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and hence the maximum values of c, are realized in practice. The 
AF load line is as shown in Fig. 79. 

The anode bend detector is more sensitive than the diode due 
to the magnification of the triode, and if the grid is maintained 



Fig. 98. —Basic Circuit for an Infinite Impedance Detector. 

at a negative potential throughout the cycle of applied rf volts, 
what damping is thrown on the previous circuit is due entirely to 
Miller effect.^ ^ The distortion introduced decreases as the input 
increases. 

The Infinite Impedance Detector. An interesting variant of 
this is the anode bend detector with negative feedback, the so-called 
“ infinite impedance ” detector shown in Fig. 98. In this circuit 
the anode is taken directly to the ht line, the af output being 
derived from the cathode resistor (usually 50,000 ohms), which 
is by-passed by a small condenser of about 200 ///^F capacitance. 
This is possibly the best detector of all. Distortion, due to the 
large amount of feedback present, is negligible (see Chapter \ I ). 
The signal handling capacity is almost unlimited. Its input 
impedance is very high and may even be negative, so that this 
detector may improve the Q of the preceding circuit. The amplifi¬ 
cation, however, is less than unity. 

The Cumulative Grid Detector. In this type of ^^tector, 
sometimes known as the leaky grid or gridleak detector and which 
has been popular for a considerable time, the grid-cathode path 
of a triode, tetrode or pentode valve is used as a diode 
The resulting af and rf potentials which appear on the gn ( o e 
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anode) are magnified by the triode so that modulated rf potentials 
appear across the triode anode load and these have to be filtered 
from the af component. The rf choke L* and the condensers Og, 
and O 4 , which together form a low-pass filter, perform this 
function in the circuit of this type of detector given in Fig. 99. 
The presence of the modulated RF potentials in the anode circuit is 
useful inasmuch as it makes possible a useful form of positive 
feedback or reaction which gives a considerable increase in voltage 
gain. 

The detection occurring in the grid-cathode circuit operates as 
explained above. The dc component of the diode output, in 



flowing through tlic diode load, biases the triode grid negatively 
to an extent dependent on the signal strength of the received signal. 
One has, therefore, no control over the gri<l potential which set« 
itself to a difTerent negative value for every cliange in input signal. 

The damping on tlie circuit feeding the detector is due to two 
effects, first, the diode damping effect, equivalent to a resistance 

R 

2 across the circuit; and secondly, the damping duo to INIiller 

effect which may be tlie more serious of the two. It was shown 
in the section on the input impedance of a triode that Rg may be 
as low as U.OOO ohms, at 1,000 kc/s, which constitutes a serious 
shunt on a normal tuned circuit. The use of a valve such as an 
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Fig. 100.—To explain operation of the 

Detector. 


RF tetrode or pentode as a leaky grid detector will almost 
eliminate the damping due to the second cause. 

The precise mechanism of operation of this type is rather com¬ 
plex, and although it is true to say, as many of the elementary text¬ 
books do, that it behaves as 
a diode detector combined 
wth. a triode amplifier, 
the fact that the triode is 
directly coupled to the diode 
and uses the steady potential 
developed across the dio'de 
load resistance as grid bias, 
makes the operation more 
complicated than this simple 
explanation suggests. 

The connections to the grid and cathode of a leaky grid detector 
(given in Fig. 100) are the same as those to the anode and cathode 
of a shunt-fed diode detector, but it is important to realize in the 
case of the triode that the grid circuit conditions are influenced 
by those in the anode circuit. Generally speaking, if the grid of 
a triode is taking a certain value of grid current with the anode 

disconnected from the ht 
supply, then reconnection of 
the anode will result in a re¬ 
duction in the value of the grid 
current, though the value of 
the grid-cathode ac resistance, 

i.e., —remains unaltered. 

a 

This is illustrated in Fig. 101, 
in which the dotted lines repre¬ 
sent the grid-cathode character¬ 
istic with no potential on the 
anode and the full lines show 
the effect of a normal positive 
potential on this electrode. 



Fig. 101.—Effect of Anode Potential on 

Grid Current. 


A point worth noting in this respect is that variations in t e 
numerical value of the ht supply to the anode have a 
and generally negligible effect on the grid current, provided that 
the anode potential is not so low as to approach that o t e gn 
This is very unlikely to occur in practical detector circmts. 

Even in the absence of an input signal a certain gri curren 
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Fio. 102.—Diaprnm for obtaining 
Value of CJritl Current from Grid 
Characteristic and Load Line. 


flows and the grid therefore takes up a certain definite negative 
potential with respect to the cathode, and the value of this negative 
potential decides the value of the anode current. The value of the 
grid current can be obtained from the — Eg curve for the valve 

as shown in Fig. 102. OA is the 
load line for the value of grid leak 
used, i.e., cot AOF = i?. and B is 
its intersection with the charac¬ 
teristic curve. OD represents the 
grid current flowing in the ab¬ 
sence of a signal and OE repre¬ 
sents the grid potential. 

If the slope of the load line 
OA is varied (by altering the 
value of i?), then the values of 
OD and OE both change. This 
has been used as a method of 
deriving grid bias potentials, for 
it is clear from Fig. 102 that it 
is possible to obtain any value of 
steady negative potential desired, provided it is less than OF, by 
using the correct value of grid leak. This method has been chiefly 
employed in battery sets, though for valves with directly heated 
filaments the value of the filament voltage also enters into grid- 
bias considerations in a manner to he c.xplained later. 

Suppose in Fig. 100 that an alternating voltage of constant 
amplitude is aj>plied across AB. If V represents a detector 
valve then a typical value for the frequency of this applied AC 
is 1,000 kc s ami typical values for C and B are 100 nnV and 
2,')0,000 olims resj)ectively. The reactance of C at 1,000 kc/s is 
1,592 ohms, which is negligible eompared with the value of R. 
When the grid of I' is tlriven positive the grid-cathode path is 
conductive and grid current tlows through R, the potential dift'erence 
develo])ed across it being sucli tliat the grid is made negative with 
respect to the cathode. Some grid current flows, as just explained, 
even at those instants when the input voltage is zero : in fact, as 
siu>\\ n in fig. 102, a small negative potential is necessary to suppi'css 
grid current completely, but for most of each negative half-cycle of 
the input voltag(‘, it tlie amplitude is several volts, the valve is 
non'CoiuIucti\e, so that the periodic pulses ot gritl current take the 
form shown in Fig. lOli. 

The a])plied alternating voltage is superposed, of coui*se, on 
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tke steady grid bias developed in the absence of a grid signal by 
the flow of grid current througli the grid leak. This is indicated 
in Fig. 103, in which OA is, as before, the load line for the value 
of grid leak used and OB represents the no signal ” grid bias. 
As soon as the input signal is applied, the value of the grid bias 
changes as a consequence of the increased grid current, and the 
smoQtliing effect of C. Suppose, for example, we wisli to find the 
value of grid bias developed by an alternating input of a certain 
amplitude. In Fig. 103 DB represents to scale the chosen amplitude, 
and it is drawn parallel to the axis of potential so that I) lies on 
OA and E on the characteristic. The pulses of grid current 



Fio. 103.—Determination of Amplitude of Grid Current. 

have the waveform shown, their maximum value being BB. Such 
a current, in flowing through i?, develops a potential of peak value OG 
as indicated in Fig. 103. 

The waveform of the potential difference developed across the 
grid leak clearly tends to have the same shape as that of the grid 
current, but the presence of the grid condenser O modifies it con¬ 
siderably, for this charges up on the peaks of the pulses and dis¬ 
charges in the troughs ” and so tends to smooth the pulsating 
voltage into a steady potential. The discharge of a condenser 
obeys the law— 

_ ^ 

g = go^ 

where g = value of the charge at any instant t after the discharge 

^nd = initial charge. i • +i, 

Now the time interval between any two successive peaks m e 


.M 
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pulsating pd developed across i? is a millionth of a second for an 
applied signal of 1.000 kc/s, and in this time the charge on the 
plates of the condenser has fallen to a value given by the equation— 


2;>0.000x lOOx 10“”x 10 ‘ 


q = 

in which R has been put equal to 250,000 ohms and C equal to 
100 ^^F. From this— 

q 


_ g-0 04 

qo 


so that 


and so finally 




-0-04 


-k = 0-961. 
7o 



In the time taken for one complete cycle, therefore, the charge on 
the condenser lias fallen to 0 061 of its initial value. This means, 
the actual waveform of the potential difference across J? is as 
given by the full line in Fig. 104. The dotted lines indicate the 

pulsating nature of the origin 
of this potential and the rate 
at which the condenser dis¬ 
charges has been deliberately 
exaggerated. In practice the 
voltage across R is much 
steadier than is suggested in 
Fig. 104, as may easily be 
imagined from the result of 
the above calculation. 

The value of this ap¬ 
proximately steady potential developed across i?, which we will 
represent by Eg\ depends on the value of R, but it is very nearly 
equal to the peak value of the ac input to the detector, and so 
has the elTect of biasing back the triodo amplifier to an extent 
approximately equal to the peak value of the ac input. 

Referring back to Fig. 100. let us now consider what liappens 
to the anode current of the valve F when the steady alternating 
voltage is applied between .4 and B. The relationship between the 
grid potential, and the anode current, /^, of a triode valve may 
be represented by the usual dynamic characteristic shown in 
Fig. 105. For a given valve the shape of the curve is fixed once 
the value of tlio ht supply and the magnitude of the anode coupling 
resistance Ri are decided. The slope of tlie curve at Eg = 0 is, in 
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fact, given by , where // is the amplification factor and 

the value of the anode ac resistance of the valve. Now the steady 
potential Eg developed across R acts as the grid bias for the triode 
amplifier section of the detector and the sinusoidal impulses of the 
AC supply swing the grid potential above and below this value as 
shown in Fig. 105. Now if the peak value of the ac input is large 
enough the steady bias developed across R may very well be outside 
the grid ba.se completely ; on the other hand, if the input is small, 



then perhaps the full extent of the grid swing may be accommodated 
within the grid base, as shown in Fig. 105. The valve in Fig. 105 
is working under class A conditions and the variations in anode 
current are a fairly faithful copy of the ac input, while the amount 
of harmonic distortion introduced is no greater than is normally 
encountered in triode class A ami)lifieris. The mean anode current 
indicated by the dotted line through B in Fig. 105 is the same value 
that would flow if the valve were given a steady bias, say from a cell, 
of value equal to the grid bias developed across R. 
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Consider now Fig. 106 in which the AC input is great enough 
to give the valve a grid bias many times greater than its cut-off 
value. The valve is now clearly operating imder class C conditions 
and the anode current flows during a fraction of each input cycle. 
The anode current has therefore a pulsating nature and its waveform 
is somewhat similar to that of the grid current. This series of 
impulses may be Regarded as being equivalent to a steady current 
of value OB. Now the steady potential Eg is, as explained earlier, 
approximately equal to the amplitude of the alternating input 
voltage to the detector, so that it immediately follows that EJ will 



Fio. lOG.—hoftky Gri<l witli Lftrgo Vnhio of Unmodulutod rf nppliod 

to tho Grid. 


intersect the dynamic 7^ — Eg cliarncteristic for inputs whose 
amplitude is less than the value of the grid base of tho triode as in 
Fig. 105 and EJ will lie completely outside tho grid base, i.e., 
beyond cut-off, for inputs with an amplitude greater than the grid 
base. For such largo inputs tho detector behaves as a class C 
Amplifier as shown in Fig. 106. As before, the average anode 
current is indicated by OB. Now these steady anode currents of 
value OB in Figs. 105 and 106 could have been produced in each 
case by a steady grid potential of value Eg'. This has been indicated 
in Figs. 105 and 106 and it will be referred to in the subsequent 
text as the “ equivalent grid voltage ” or “ equivalent grid signal 
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We may define the grid voltage equivalent to a given alternating- 
voltage input as that value of steady bias which, ap])lied to the 
grid of the valve, produces with the same values of anode load and 
HT voltage a steady anode current equal to the mean value given 
by the alternating voltage. It is clear tliat while may theoreti¬ 
cally have any value between zero and infinit^^ being approximately 
equal to the peak voltage of the applied alternating signal, the 
equivalent values of EJ' will always lie within the grid base since 
the valve always takes some anode current, no matter what the 
value of the applied alternating voltage. For small alternating 
inputs of amplitude less than half the grid base Eg and Eg" will be 
equal, but for very large inputs EJ' will be very much less than EJ, 
and, in fact, as Eg increases, becomes asymptotic to a value approxi¬ 
mately equal to the value of grid bias for anode current cut-off. 
The essential difference between a leaky grid detector and a diode 
detector followed by a triode af amplifier is that in the former it 
is the variation in the value of Eg" which constitutes the signal 
applied to the triode, whereas in the latter the af signal is formed 
by the changes in the value of Eg. 

Modulated Waveforms. Now suppose a modulated alternat¬ 
ing voltage is applied to AB in Fig. 100. Its amplitude is varying, 
let us assume, sinusoidally and the grid bias Eg of the triode amplifier 
is varying in sympathy with the modulation waveform so that the 
positive peaks of the alternating input voltage just drive the grid 
sufficiently positive for the grid cuiTent to provide the necessary 
grid bias in flowing through R. The voltage input to the grid of 
the triode amplifier thus takes the form shown in Fig. 107. In 
this figure a small rf signal, shallowly modulated, is indicated and 
its greatest amplitude is within the grid base of the triode amplifier. 
The anode current is seen to be a faithful copy of the applied grid 
voltage and its mean value is therefore a true replica of the modu¬ 
lation waveform. In these conditions the amount of distortion 
introduced is as small as is normally associated with triodes operating 
under class A conditions. As a consequence of the modulated 
RF signal lying entirely within the grid base of the valve at every 
instant of time the effective grid signal E^" is equal to the potential 
Eg developed across R. It should be noticed that an increase in 
input signal brings about a fall in anode current. This is quite the 
opposite to what occurs in an anode bend detector. 

Consider now Fig. 108 which illustrates the conditions obtaining 
when a modulated rf signal of large amplitude is applied to the 
detector. The amplitude of the unmodulated carrier has been made 
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about double the grid base and nwdulation by a sinusoidal waveform 
is indicated. For most of each cycle of the modulating signal the 
valve is now biased beyond the cut-off value of anode current and 
is thus operating under class C conditions. The anode current is 
pulsating therefore, so that the effective grid voltage is less than 
the value of the grid bias as explained above. Once during each 
cycle of the modulating signal, however, the amplitude of the 
BF carrier is reduced practically to zero, so that the instantaneous 



Fia. 107.—Lcnky Grid Dotoctor with Small Slightly Modulated up Signal. 


value of the grid bias Eg similarly approaches zero. At and near 
these instances of time the detector is operating under class A condi¬ 
tions as in Fig. 105, so that the detection and amplification are 
substantially distortionless and Eg = Eg' as shown in Fig. 108. 
If, therefore, a leaky grid detector is given a very large modulated 
RF signal, the amplification given by the triode is greater for one-half 
of each cycle of the modulation frequency (when Eg' — E”) than 
for the other half (when EJ' <^Eg). This is another way of 
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Fio. 108.—Leaky Grid Detector \vith Large Value of Modulated rf 

applied to Grid. 


expressing a severe amount of second harmonic distortion. The 
mutilation of the modulation waveform is obvious in Fig. 108. 
The distortion so introduced varies with the modulation depth. 

Operating Conditions for Minimum Distortion. To obtain 
distortionless results from a leaky grid detector, then, we can say 
from Fig. 107 that the maximum peak-to-peak value of the modu¬ 
lated RF signal should not exceed the grid base. In other words, 
the peak value of the unmodulated carrier should not exceed 
one-quarter the grid base. For a given valve the grid base can be 
increased by increasing the ht supply voltage, and if the anode 
load is a resistance by replacing it by a choke or transformer. , If 
it is desired to detect a large signal, then to obtain a large grid base 
a valve with a low amplification factor and a large ht voltage should 
be used. The leaky grid detector operating under such conditions 
as these is usually known as a power grid detector. 

Leaky Grid Detectors in Battery Receivers. Although it 
has not been specifically stated, the preceding text applies strictly 
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only to valves with eqiiipotcntial cathodes, and it has been assumed 
throughout that the grid leak is returned to the cathode. Since 
the potential of the filament in a directly heated valve varies along 
the filament, the operation of the detector will depend to some 
extent on the end of the filament to which the grid leak is returned. 
It is an essential condition for a valve to be a successful leaky grid 
detector that grid current should flow in the absence of a grid signal. 
Suppo.se that grid current does not flow until the grid is appreciably 
positive with respect to the cathode. This occurs with directly 
heated valves such as those used for leaky grid detection in battery 
sets, in which the grid leak is returned to the negative side of the 
filament, and the Ig — Eg characteristic has the appearance given 
in Fig. 109. OA does not now meet the Ig — Eg curve and grid 



OB G C 



Fio. 109. 


current does not flow until the grid has a positive potential given 
by OB. If, therefore, a modulated rf signal is applied to the valve, 
the peak value of which is less than OB, then no grid current will 
flow and no bias will be produced across R. All that happens then 
is that the grid potential fluctuates in sympathy witli the applied 
signal about its mean value of zero volts and tiie anode current will 
vary in a similar manner. The mean anode current, however, will 
be steady as the - Eg characteristic is usually very straight near 
Eg 0, and .so practically no detection results. Any af signals that 
are produced in the anode circuit under tliese conditions are due 
to the slight non-linearity of the I A’incurve. In order to induce 
grid current to flow it is necessai'y to bias the valve positively by, 
say, returning the grid leak to the positive side of the filament. 
The grid current so produced is then given by OF in Fis. 109. CD is 

c. V ^ 
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parallel to the load line OA (cot Q = R) and OC represents the 
potential difference across the filament. 

In order to assess the performance of the valve as a detector 
it is necessary to determine how the anode current depends on 
the grid potential both for steady values of grid potential and 
for alternating inputs, when the bias is obtained from a grid- 
condenser/grid-leak combination. The former /„ — Eg curves, 
usually known as dynamic characteristics, we will call, for want of 
a better name, the dc, dynamic characteristics and the latter will 
be termed the ac dynamic characteristics. The ac dynamic char¬ 
acteristics are given in Fig. 110 for various values of grid leak for 



Fig. 110. 

an indirectly heated triode. The anode resistance, 7?,, used had 
a value of 25,000 ohms. The curves are seen to differ considerably 
from the DC dynamic characteristics. To enable a convenient 
comparison to be made, the DC dynamic characteristic for 
R^ — 25,000 ohms is reproduced also in this diagram. The dis¬ 
agreement between ac and dc curves at low input voltages is due 
to the presence of the grid leak and grid condenser in the ac case, 
which, as explained earlier, develops a small negative bias even in 
the absence of an input signal and so reduces the anode current 
below the dc value. The discrepancy for inputs greater than about 
2 volts is due to the fact, pointed out earlier, that no matter how 
great the value of the alternating potential applied, grid current 
always flows in order to produce the necessary grid bias, and 
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therefore some anode current is bound to flow on the positive peaks 
of the AC supply. This is obvious from Fig. 110. 

Distortion Content of Detector Output. It can immediately 
be seen that the relationship between alternating-voltage input and 
DC anode current output is far from linear, and a linear curve is, 
of course, the ideal requirement. The straightest part of the curve, 
and tliis is only approximately linear, occurs for alternating inputs 
of between zero and 2 volts. This part of the curve is very similar 
to the DC dynamic characteristic of a pentode valve. It shows some 
cubic curvature and we can therefore deduce that there will be 
some third harmonic distortion in the detector output. Elsewhere 
the curve shows mainly quadratic curvature, suggesting the presence 
of second harmonic distortion. If a carrier of 1 volt amplitude 
when unmodulated is applied to the valve, when modulation occurs 
the detector output will contain some third harmonic distortion but 
small amounts of second harmonic. This will be true for any 
degree of modulation up to 100 per cent., when the Rf amplitude is 
varying from zero to 2 volts. If the carrier amplitude is 3 volts, 
then very severe distortion will result on modulation and the 
amount produced will depend, from the curv'e, on the depth of 
modulation. If a carrier of, say, 0 volts amplitude is applied, and 
if the modulation is so shallow that the bend at 2 volts input is not 
involved in the detection process, then distortion, mainly second 
harmonic, will be small as the curve tends to straighten at largo 
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input signals. The amplification for these big inputs is very small, 
however, being measured by the slope of the curve. 

From this it is possible to determine how the amount of dis¬ 
tortion introduced by the valve, for a given modulated signal on 
the grid, depends on the value of the grid leak, the anode load and 
the depth of modulation. 

This calculation has been made for various values of input 
signal (100 per cent, modulation was assumed throughout) and for 
various values of anode load and grid leak and the results obtained 
show that the percentage of harmonic distortion introduced, whether 
second or third harmonic, is practically independent of the value of 
the grid leak and anode load resistance, but varies considerably with 
the amplitude of the input signal. -The latter result was anticipated, 
of course, from the inspection of Fig. 110, but it is interesting to con¬ 
sider the numerical results exhibited in graphical form in Fig. 111. 
The minimum at 1 volt input is noteworthy. 

Voltage Gain of the Detector. It is also possible to evaluate 
the overall voltage gain of the detector. We will measure the 
voltage gain by the fraction— 

average peak value of the swing of anode potential 
(i.e., mean value of both peaks) 

peak value of rf carrier input when unmodulated 

This calculation has been repeated for various inputs and the 
resulting curve is given in Fig. 111. It is interesting to see that 
minimum distortion and maximum gain occur for the. same value 
of input, namely, I volt. Another interesting point is that the 
detector has a certain amount of inherent avc for inputs greater 
than 1 volt. 

Reaction. A very effective method of eliminating the damping 
caused by a leaky grid detector is by the use of reaction. This, 
as shown in Fig. 99, consists in feeding some of the modulated 
RF energy in the anode circuit back to the grid so as to be in phase 
with the signal already there. This is done in Fig. 99 by means 
of the mutual inductance between and Lg, the degree of regenera¬ 
tion being controlled by the reactance and hence the capacitance 
of the variable condenser G C 4 is actually part of a differential 
condenser assembly, used to keep the anode-earth capacitance of 
V constant. For minimum disturbance of the resonant frequency 
of the tuning circuit the resonant frequency of the circuit 
should be kept high, which means that must be small and the 
coupling between it and tight. is usually a few turns wound 
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over the earthy end of L^. If i?o represents a pair of phones and 
F is a battery valve, then the circuit of Fig. 90 makes a single-valve 
receiver capable of giving good results from powerful stations. 

Vision Frequency Amplifiers. VVe saw in Chapter I that, for 
successful reproduction of television images, the cathode-ray tube 
employed has to be supplied with frequencies as high as 2Mc/s for 
a 405-line .sy.stem. The amplifier wliich supplies this, the counter¬ 
part of the AF amplifier in a sound receiver, is known as the vision 
frequency amplifier and its response curve has to be flat within a 
few decibels from about^20 c/s to approximately 2 Mc/s. One type 
of amplifier which can be used for this purpose is illustrated in 
Fig. 112, whicli shows two valves of such an amplifier. Special high 



slope RF pentodes are used and the anode loads contain resistance R 
and inductance L. Tlie value of the inductance is chosen to 
resonate witl\ the total capacitance across tl\e anode load at a 
frequency slightly in excess of the highest required. The total 
ca])acitance referred to is given by C in the expression— 


rnv. 


r' = c,„ of -1- of ]\ + c, 

L is of the order of 100 //H generally. R is chosen so as to give 
the same gain at low frequencies as the resonant circuit at high 
frequencies. 2,000 olnns is a typical value for R. The stage gain 
achieved is about 20 times per valve. 

Time Boses. Time bases are used in television receivers to 
provide the voltages necessary to detleet the cathode-ray beam. Two 
are necessary, one providing oscillations at line frequency ond the 
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other at frame frequency (see Cliapter I). The waveform required 
is such as to give a constant velocity of movement of the beam 
across the tube and a quick fly-back for the begimiing of the next 
line or frame, i.e., a saw-tootli waveform. One way of obtaining 
this result is by means of the circuit of Fig. 113. Fi is a gas-filled 
triode valve wliich takes no anode current until its anode potential 
reaches a critical value, the value of which is determined by the 
grid bias. The condenser C charges up slowly from the 1,000 volt 
HT supply via the high resistance i? 3 . The rise of potential across 
C is actually exponential (see Chapter III), but over the small 
range of potential used here it may be taken as approximately 
linear. When a synchronization impulse is applied to the grid of 
Fj it instantly conducts and discharges C, which immediately 

T.-tJOOO 


113.—Circuit of Time I3aj>o using Gas-lillcii Triode Vi and Push-pull Output. 
It may bo used for lino and frame scanning in a telovision receiver. 

begins to charge up again. The grid bias of Vi can be adjusted 
by movement of the slider of the potentiometer Bj. V 2 and V 3 are 
similar valves connected as RC amplifiers and using a common bias 
resistor i?,. They are arranged to give output potentials at A and 
B equal in magnitude but opposite in sign. The phase reversal 
follows from the fact that the voltage at is a result of amplification 
by two valves, whereas that at A follows only one stage. The 
equality of output is achieved by adjusting so that— 

Rs + ^6 

where A is the stage gain of V 2 ^md Fa. The push-pull output of 
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the amplifier is applied to the deflecting plates of an electrostatic 
cathode-ray tube. The frequency of the time base depends largely 
on the value of C, values between 0-1 and 0*5 ^F being common 
for frame frequency and 0*0005 ^F for line frequency. 
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THE OUTPUT STAGE, THE LOUDSPEAKER, 
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Introduction—Class A, B and C Amplification—Power Output of 
a Valve with Direct-connected and Transformer-fed Resistive 
Load—Second Harmonic Distortion—Matching Conditions for 
Output Valves—Load Lines—Analysis of Output Transformer 
Performance — Push-pull Operation — Electro-mechanical and 
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speakers—Moving-coil Loudspeakers—Impedance-Frequency Curve 
of Moving-coil Loudspeaker—Triode and Pentode Output Valves— 
Horn-Loading—Negative Voltage Feedback—Negative Current 

Feedback—Contrast Expansion—Bibliography 

Introduction. The final valve of an af amplifier differs from 
the previous af and rf stages in that it is required to deliver power 
to the loudspeaker or other device connected in its anode circuit. 
The choice of the operating conditions is thus not governed by the 
necessity for developing the greatest undistorted alternating voltage 
across the valve load as for af and rf amplifiers generally but must 
be chosen to give the greatest undistorted ac power (i.e., l^R) into 
the load. 

Class A, B and C Amplifiers, The type of amplification 
we were concerned with in the last chapter, in which the anode 
current of a valve flows throughout the entire cycle of the grid input 
potential, and in which the potential of the grid is never allowed to 
go positive with respect to the cathode, is known as Class A amplifica¬ 
tion. Its characteristics are very low distortion content but very 
inefficient operation as there is considerable wastage of anode 
current. If the bias in a Class A amplifier is increased negatively so 
that the anode current swings corresponding to the negative peaks 
of the input signal are clipped, then we obtain Class AB amplification. 
The suffix 1 is added, thus AB^, if the grid remains negative through¬ 
out the entire input cycle ; and the suffix 2 is used, thus AB 2 , when 
the grid is driven positive. As we shall see, the harmonic distortion 
introduced by such operation is to some extent reduced by the 
use of push-pull connection. Even-order harmonic distortion 
is eliminated by push-pull operation. Class C amplification is a 
type in which the valves are normally biased so heavily that no 
anode current flows at all until a positive peak of signal is applied 
to the grid, when current flows for a small portion of the cycle. 
This method is used extensively in transmitters and is characterized 
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by very great efficiency. Further details of it will be found in 
Chapter X. A special case of Glass 0 amplification occurs when 
the anode current flows for 180° of the input signal. This is known 
as Class B amplification and is often used in af power output stages, 



Fio. 

particularly in public address amplifiers and broadcast transmitters 
where economy in operating costs is important. In Fig. 114 the 
commonest of the various classes of amplification are indicated in 
diagrammatic form. 

Power Output of a Valve with Resistive Load. Consider 
a valve with amplification factor, anode ac resistance and mutual 
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conductance represented by //, and respectively, ^vith a purely 
resistive load of value In Fig. 115, which illustrates the 

dynamic — Eg characteristic for a load of ohms, we will assume 
the curve to be straight for the greater part of its length as shown. 




114. 

^max. -^mJn represent respectively the maximum and minimum 
values of anode current reached during operation with a sinusoidal 
input signal on the grid which uses the full extent of the linear 
portion of the — Eg characteristic. The peak-to-peak value of 
the alternating component of the anode current of the valve is 

SO that the single peak value is and 


N 
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the RMS value 
is given by 


-(/ — /jnJn). Hence the power developed in 

2V2 

P in the expression— 



if be neglected in comparison with From what has just 

been said above, if be neglected in comparison with 7^^^^, then 



Fio. 115.—Static and Dynamic Churactoristicd for a Triodo Output Valve. 


the single peak value of the AC component of the anode current is 
given by 

Moreover, wo know from the work in tiie previotis chapter on 
the equivalent valve generator circuit that this peak value of the 

uE 

alternating component is given by — 

j _ 

7.\^ f i?; 



it-Ea-^T 

-h 
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The condition for maximum power oxitput 



dP 

dRL 


= 0, i.e., 


which gives— 


^ r 1 

dR^\{R, + RP)^] 




Substituting R^ = Ra the expression— 

2 (i?a + Rz.y^ 

we have— 

p = /^ 

»Iia 

= 

This result shows that, for a given peak value of grid input signal E^, 
to obtain maximum power output 
a high mutual conductance and a 
high amplification factor are wanted. 

For a small battery output triode 
^ = 10. Eg = ^ volts and ^ 2 
ma/volt. Substitution in the ex- 
pression for P gives— 

P = = 160 mW. 

8 X 1,000 

Power Output of Valve with 
Transformer-coupled Load. 

Suppose that the load resistance 
is coupled to the output valve via 
a transformer with a ratio of K : I, 
as shown in Fig. 116. Then the 
effective value of the load at the valve anode is K^R^^ and we 
thus have— 

peak anode potential = iK^Rj^ 



with Transformer Coupled Load. 


where Ej^ = ht supply volts 

and i = peak value of the ac component of the anode current. 



Ejs + iK^Ri . 
2 ^ 
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Combining (1) and (2) 




From the previous case 


P = 


_ 

Vt(R, + K^Rj) 


K^R 


Substituting for E 


P = 


E^^K^Rl 

2{K^Rj^ + 2RJ^ 


For maximum power 


^<^4 _ 1 = 0 

dRUK-^Ri, + 2RJ^j 


which gives 


= /#■ 


The power output is thus given by—■ 

2{K^Rr_ + 2Rj 


2 J?^, is known as the optimum load of the valve since this is the value 
of load which gives maximum power output. In practice the 
optimum load for a triode is nearer 1*67?^ than 2i?„, this being due to 
neglect in the above analysis of the minimum anode current, which 
was assumed zero, and to the assumption that the characteristics are 
straight lines. Actually, for a triode the curve of power output 
plotted against value of load has a very flat maximum so that 
accurate matching of valve impedance to load impedance is not 
necessary. An additional complication is that loudspeakers, no 
matter of what type, are not purely resistive devices ; some reactance 
is always present. 

The result deduced above for the ratio of primary to secondary 
turns of an output transformer to give maximum power into the load. 


may bo written thus 


_ j optimum load 
V load impedance 


a result which is extensively used for calculating these ratios. For 
example, a typical value of the impedance of a moving coil loud¬ 
speaker is 2 ohms. (The impedance actually is a function of 
frequency, of course, and consequently loudspeaker impedances 
arc generally quoted for a frequency of 400 c/s.) If the internal 
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resistance of a triode is 3,000 ohms, then its optimum load will be 
about 6,000 ohms and th'> ratio of the output transformer should be— 

for maximum power output. 

Graphical Method of Determining Conditions in Class A 
Transformer-coupled Load.^ Fig. 117 represents the 
curves for a 4-volt, directly heated, mains output triode. The 



Fia. 117.—Graphical Representation of Conditions in Triode Output Valve. 

manufacturers state that the anode circuit of this valve must not 
dissipate more than 12 watts. This gives — 12,'the curve of 
which is a hyperbola and is given by ABC in Fig. 117. For 
maximum power, as we have just seen, the load, impedance 
reflected into the anode circuit is required to be twice the valve 
internal resistance. Accordingly the load line DE is drawn so 

that tan DEO = ^ (as = 1.500 ohms), and so that the 
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point E represents the value of ht volts we intend to use. We will 
use 250 volts ht in our numerical example. If the resistance of the 
primary of the output transformer be neglected, then the equilibrium 
point will lie on the ordinate through E. If the resistance of the 
transformer primary is not negligible, then EY must also be drawn 
as a load line, since power will be dissipated in it, and accordingly 
the angle between EY and the axis of E„ is cot“^ R, w'here R is 
the resistance of the transformer primary. EF is now chosen to be 
so that the worst of the curvature of the characteristics near 
the point of cut-off of anode current is eliminated. 6 ma. seems 
a reasonable amount. XYZ is now drawn parallel to DE and such 
that JCF is equal to YZ expressed in terms of grid volts. The 
positive peak of the input signal is not allowed to drive the valve 
into grid current, i.e., = 0 is one boundary condition and 

= 6 ma. is the other. 30 volts each side of the equilibrium 
point are obtained in Fig. 117. The equilibrium point Y should 
not lie within the hyperbola ABC, or the valve may overheat and 
damage to its emissive properties may occur. There is no objection 
to the load line intersecting the parabola provided the previously 
stated condition holds. From Fig. 117— 

power developed in x “i'"'"; 

‘ ‘ 2V2 2V2 



max. 




max. 





Using the characteristics in Fig. 117 as an example, we have— 



= 2-46 watts. 


Fig. 117 also shows that a grid bias of — 30 volts will be required 
for the value of ht and load chosen, and that a grid swing of 60 vOlts 
peak-to-peak value will be required to deliver maximum output. 
The steady anode current will bo 45 ma. so that if an automatic 
biasing system is used the bias resistor will need to be 



30 X 1,000 
45 


670 ohms in vahie. 


Determination of the Percentage of Second Harmonic 
Distortion. The dynamic — /'’y curve for the valve of Fig. 117, 
using the same value of load as above, will be similar to Fig. US, 
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i.e., it is to a first degree of approximation parabolic in form 
and there is therefore some 
second harmonic distortion in 
the output. We can calculate 
the amount present as follow^. 

The effect of second harmonic 
distortion is to produce an 
unsymmetrical output wave¬ 
form, the value of I 


- I 

- I 


mean 


differing from I 


max. 


mean 


min.* 



Let AJ5G in Fig. 118 repre¬ 
sent the dynamic — Eg 
curve of a triode output valve 
used with a particular value 
of load resistance. Suppose 

B is the quiescent point. The equation of the dynamic charac¬ 
teristic taking B as origin will be— 


Fig. 118 . —Calculation of Percentage of 
Second Harmonic Distortion. 


I a = 


+ bE,^ 


When a sinusoidal signal given by Eg = E„ sin cot is applied 
to the grid, we have— 

= aEo sin cot + bEo^ sin^ cot 
= aEo sin cot -j- ^bEo^l — cos 2(ot) 

the first of which terms represents the fundamental alternating 
component of the anode current while the cosine function represents 
a second harmonic component. Hence— 

amplitude of second harmonic _ bEp^ _ bEp 
amplitude of fundamental ' 2aEp 

Now when 


2a 


cot = I /„ = - /„eau =+aEg + bE,^ ^ CO-EO (Fig. 118) 

and when 

‘Ot looo. - 4,ean = - = OF - EO. 

Adding— 2bEp^ = CO -f- OF 2E0. 

Subtracting— 2aEp = CO — OF. 

bEp CO + OF - 2EO 

CO - OF 


a 





184 

Hence 


THE OUTPUT STAGE 


amplitude of second harmonic _ _ CO -f- OF ^ 2EO 

amplitude of fundamental 'la 1{C0 — OF) 

_ ^max. d* -^min. “-^mcan 

Applying this to Fig. 117, we see that the second harmonic distortion 
here amounts to— 

88 -f- () - 84 
2(88 - G) 

G per cent. 

This distortion should preferably not exceed 0-05 or 5 per cent. 
If it does exceed this amount then a reduction in distortion content 
can be achieved either by increasing or else by adjustment 

of the load value. It is somewhat unfortunate tliat the value of 
load which gives the maximum power output does not necessarily 
give the greatest freedom from distortion, and conseqxiently it may 
be necessary to sacrifice some power for the sake of greater freedom 
from distortion. This can bo done by increasing the value of the 
load. 

From the expression above we can see tliat if the quiescent 
point bisects the load line exactly and if the — Eg characteristics 
are straight and equidistant, then— 

^inax. ~ -^min. 

80 that— 

■^niax. “b -^inlu. ^^mcan ^ 

and so there is no second harmonic distortion. Suppose, however, the 
quiescent point divides the load line in the ratio of 7n : Then dis- 

• 7/1 

tortion will be present and the amount wi\\ depend on the value of 

11 9 

If this does not exceed or is not less than ^ the distortion content 

will not bo gi'eater than 5 per cent. It is possible therefore to con¬ 
struct a ruler with each division on one side of a certain reference 

9 

point equal to of those on tlie other, which may be used to deter¬ 
mine if the second harmonic distortion associated with a particular 
load line exceeds 5 per cent. 

Multi-electrode Output Valves. The last section illustrated 
two properties of a triode ontj/ut valve which probably account for 
the fact that they are hardly ever used to-day in commercial 
receivers. These are— 
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{a) triodes are very inefficient, the ratio of power output to 
anode dissipation seldom exceeding 25 per cent. For the 
valve of Fig. 117 the ratio has the value 20-5 per cent. 
(b) triodes need a large grid swing to obtain reasonable output 
from them, i.e., they have a low amplification factor. 

Modern receivers almost exclusively employ pentode output 
valves, or their most recent successors, tetrode output valves. 
These can deliver 4 watts of audio-frequency power from a grid input 
as low as 8 volts peak value (they can in fact be operated quite 
successfully directly from a diode detector) and their efficiency even 
in Class A conditions approaches 50 per cent. 



Fio. 119.—Characteristics for a Battery Output Pentode (full lines) and Out- 

put Tetrode (dotted lines). 

The 4 - characteristics of a small battery output pentode 
are illustrated in Fig. 119, together with a suitable load line. On this 
diagram are superimposed dotted curves illustrating the characte r¬ 
istics of a tetrode output valve. The more pronounced knee in 
these should be noted and also the fact that this type of outjuit 
valve permits longer load lines, i.e., greater power outpiit than its 
pentode counterpart. The working portions of the characteri.stics 
are nearly horizontal showing a high impedance. For the vahe 
chosen = 40,000 ohms. The value of optimum load for tins 

type of valve lies usually between and The load line in 

•> ^ 
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Fig. 119 is drawn for a value of 14,000 ohms and the power output 
delivered for an ht of 150 volts, using the tetrode characteristics, is 
easily seen to be 


power output = J(-£?inax. — 


max. 


= 1(245 - 20) 


19 


1,000 



= 0*48 watts, 




which is fairly typical of the output power of battery-operated 
pentodes. 

Matching Condition for Output Valves. The condition that 
should equal 2R^ for maximum power output is true provided 
that full use is made of all the available characteristics of the valve. 
In other words, this condition obtains when the signal input to the 
valve is increased, as the load is increased so as to bring in more 
curves. This condition can only apply when the load is 
transformer-coupled or choke-capacitance coupled to the valve. 
If the load is connected directly in the anode circuit of the valve, 

then immediately the mput 
signal acceptable by the valve 
is fixed, and for this case maxi¬ 
mum power output occurs when 
R^ = R^^ (as in simple generator 
and load circuits). The differ¬ 
ence between the two cases is 
illustrated by the diagrams in 
Figs. 120 (rt) and 120 (6). The 
former applies to the directly- 
coupled load and the limitation 
of the grid swing, by the curve 
of A'y = 0 on one extreme and 
the value of tlio ht voltage 
at the other, is sho\^Ti. The 
tran.sformcr-coupled ease is shown in Fig. 120 (6) and it will be 
noticed that it is possible to include more characteristics for negative 







► ^afue of 
H. T. yo/tr 

Fifj. 120 (fi). - Sluiwinj^ Kotiitioii i)f 
Louci wIh'h Ko lixtML 


values of as the load is increased. 

If we take second liarmonie distortion as our criterion and 
determine the percentage of tlie distortion delivered by a triode 
valve for various values of anode load, we shall find that this 
decreases as Rj is increa.sed. It is quite practicable to let Rj^ = 52?^,, 
for example, for the loss in power output for this value of load com- 
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pared with the power given when ^ is very small, amounting 
only to a few per cent. 

The preceding remarks about second harmonic distortion content 
do not apply to a pentode output valve. For these, using normal 



Fia. 120 (6).—Showing position of Load Line for various Load Values 

when Eg can be varied. 

values of anode load, we find that third harmonic distortion inore^es 
as increase's, but there is one value of anode load for which 
second harmonic distortion is a minimum. Presumably the va ue o 


Si ^ 






^0 










Fio. 121.—Variation of Percentage of Harmonic Distortion with Load 

Value for a Pentode Valve. 

load advocated by valve manufacturers is that for which the total 
harmonic distortion is at a minimum. These points are i us ra 

in Fig. 121 , . 

Practical Load Lines. It was mentioned in the last chapter 

that the load line for a reactive load is not straight but is an ellipse, tue 
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eccentricity of which depends on the ratio of reactance to resistance 
in the load. Now the impedance of a loudspeaker contains a reactive 
component and accordingly the load line for such a component is an 
ellipse. 

A very interesting photograph of the elliptical load lines for a 
moving coil speaker operated by a pentode output valve is given in 
Plate V, opposite page 102. These load lines were obtained experi¬ 
mentally using a cathode ray oscillograph and readers interested in 
this technique are referred to the paper of J. L. H. Jonker,* from 
which this photograph was taken. 

Analysis of Output Transformer Performance. We have 
so far neglected tiie distortion introduced by the output transformer : 
tliat is, wo have assumed it to be a distortionless impedance¬ 
matching device. No practical output transformer is quite free 
from distortion, although a good component wUl introduce far 
less than an intervalve t 3 'pe. The analysis can be carried out 
using the same technique that was adopted in Chapter VI for the 
intervalve transformer. The full electrical equivalent of an 
impedance-matching transformer is given in Fig. 122 (a) in which— 

— primary inductance (incremental), 

== primary resistance, 

= leakage inductance referred to primary side, 

= secondary resistance, 

Rj = load resistance, 

— EMF across load, 

A' : I — transformer ratio. 


Medium Frequencies. At medium audio-frequencies, of which 
1,000 c/s may be regarded as typical, the reactance of the primary 
of the transtormer is generally considerably greater than the reflected 
value of the load, E~Rj. Neglecting in comparison with 

gives us the electrical equivalent circuit of Fig. 122 (6), from 
which, by application of Ohm’s law, we have— 


/ 





where 


K r R„ 

and 

lii! 

1 

1 

V. 

But 

KE, 



KK, 

A 



+ Jh: 
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* ?J. = 

• • E, + Rr!' 

Stage gain at medium frequencies ^ ^ 

Low Frequencies. At low frequencies the reactance of tiie 
primary of the transformer is not sufficiently great compared with 
the value of the reflected load for its shunting effect to be negligible, 
and so it has to be taken into account as shown in Fig. 122 (c). 
The current supplied by the generator, 1, in this circuit is by Ohm s 

law— 

_ 


I = 


p 4- p 4. JcoL.KHRs ±Rr.\ . 

Ra + Rp ^ ja,L^ + KHR, + -Rz,) 


RJ + 


joyLpR^ 

Rl 

where = R^ + R^ and = K^R, + Rl) as before. The 
PD developed across is given by— 

. jojLpRL _ _ mEJojLpRl _ 

• R,: +jo>Lp Rp'(Rl' + 

The output PD, that is the pd developed across K^Rl^ "'bl be 

K^R. K^R 


L _ 


^ of this, 


K^(Rr^ + R,) Rl 
regarding and K^Rl as a potential divider. Hence KE^ is 

given by— 

f.EJc^pRL __ X 


T^ip _ _.___-_ ^ 

® “ R'iRi! +j^RpRL 


E 


8 _ 


jjLKRi^jcoLp 


E. 


RpiRi! -{-j(oLp) -\-jojLpRL 

f^KR^ 


Rp* 4- Rl 

flKRL 


. . R.’Ri: 


jcoLp 


1 


Rp + 1 + ^ 


RJR 


jcoLp{Rp + Rl ) 


MF 


1 + ^ 
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wliere 


^p + ^L 

.'. fitage gain at low frequencies = A = 


J 


ASF 


from which we may show tliat the response is 3 decibels down at 
that frequency for which R — X, i.e., for which ioL^ = 


High Frequencies. The response of an output transformer 
also tends to fall at high frequencies, this being the effect of the 
leakage inductance, tlie reactance of which becomes important at 
these frequencies. In Fig. 122 {d) the leakage inductance is referred 


Ip K^Rs 



Fio. 122.—(a) Full Electrical Equivalent of Output Transfonnor, (6) at Muliilo 
t roquoncios, (c) at Low Froquoncies, and (d) at High Froquoncio 3 . 


















HIGH FREQUENCIES lai 

to the primary side of the transformer, i.e., the value of Lp quoted 
is the inductance which would be measured across the primary 



terminals when the secondary is short-circuited. Application of 
Ohm’s law to the circuit of Fig. 122 (d) gives 


I = 


_ 

Ra + Rp+ + R'^Rl + 

liEg 


Rp + Rl + j^Ep 

in which + -Bp and = K^{Rs + Rl) as before. 

. „„ _ K^RiJ^Ep 

• • Rp' + Rl! + j<oLp 

fiKRi, ■ 

E. Rp + Rl + > 4 ' 


_ I^ERl 

~ Rp' + Rl ■ 


1 


1 + 


jojLp 

Rp' + Rl 


_ -^MF 


1 + 


R' 




in which X* — (oLp and i2' = • 

response at high frequencies = -^hf 



MF 

1 -t- 


Here, then, the response will be 3 decibels dovn at that ficq 
for which X' = R', i.e., for which ojLp ^ + l: 

To obtain a good response in an output runs 
frequencies a large value of primary inductance (mci 
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wanted, and to secure a good high-frequency response the coupling 
between primary and secondary should be as tight as possible, to 
reduce the leakage inductance. A good component may have 

= 60 H and = 01 H and its ratio may have any value 
between 1 : 1 and 100 : 1. As the response curve of an impedance¬ 
coupling transformer tends to fall at both ends of the audio¬ 
frequency spectrum the response curve of such a component is very 
similar to that of an rc coupled stage, and a typical curve is given in 
Fig. 123. 

Push-pull Operation.® When larger power output is required 
than can be given by one valve two similar output valves are 
frequently employed, connected as shown in Fig. 124, so that the 



grid of one is driven positive whilst the other grid is handling a nega¬ 
tive pulse. The outputs are combined by means of an output 
transformer with a centre-tapped primary. F, is a triode with 
equal resistances and 7^a in anode and cathode leads. The equal 
alternating pd’s across these are applied to the grids of the pentodes 
via the coupling condensers Cy and C\. is a bias resistor, common 
to I'a and F 3 . No decou])ling condenser is necessary across this for 
the AC components of the anode currents of \\ and are 180° out 
of phase and so cancel. The resistance necessary has one half the 
value of that customary for a single valve. F, and F* could equally 

well be driven from an intervalvc transformer with a centre-tapped 
secondary. 

In a class A push-pull stage the anode-to-anodo load of the two 
output valves is generally taken to be twice the optimum load of 
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A Voigt Domestic Corner Horn Loudspeaker 
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a single valve, whereas in class B push-pull amplifiers, in which 
the valves are biased back to the point of anode current cut-off, the 
anode-to-anode load is assumed to be four times the optimum load 
of one valve. Presumably if each valve deals with more than 180° 
of each cycle, then the necessary anode-to-anode load will be between 
twice and four times that of a single valve. 

Advantages of Push-pull Operation. The power output 
available from two similar valves in push-pull is slightly greater 
than twice that available from one of the valves alone.- Moreover, 
the DC components of the anode currents of the two valves cancel 
in the primary of the output transformer so that there is no steady 
magnetization of the core. The output from a push-pull ampHfier 
will contain no even order harmonic distortion, for these cancel in 
the output transformer. Any ripple in the HT supply also tends to 
cancel out in the output transformer. It is better, therefore, to 
use two similar output valves in push-pull than in parallel, except 
that some provision by way of a “ phase-splitting ” valve or 
transformer will be necessary to drive them. 

Quiescent Push-pull Amplification. If a sinusoidal signal 
is applied to the grid of an output valve which is biased heavily, 
almost to zero anode current, then the resulting wav^eform of the 
anode current has the shape shown in Fig. 125. Very severe 
distortion is evidently present, mostly second and third harmonic. 



Fig. 125. —Wave-form Distortion produced by Over-biaaing. 


O 
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Note that the anode current in the absence of a signal is very small. 
If two similar valves thus biased are used in push-pull the second 
harmonic component cancels out as shown in Fig. 126. If care 
is taken so that the worst of the bottom bend of the dynamic 
characteristic is cut off by a suitable choice of grid-bias potential, 
the reproduction from such an amplifier can be quite good. In this 



Via. 


12().—How .Si'cdud Hui'uuunc Dislorfion 

out by the rusli-|i\jll 


producotl by Ovorbiftsing is cancelled 

.•Vrmnuomenl. 

\ 


system tlio anode current taken by the two output valves is very 
small in the absence of a signal or when handling a small signal, but 
it increases with increase in the amplitude of the signal. It is for this 
reason chiefly that tliis system of cpiiescent push-pull operation is 
often used in battery receivers, the two valves, usually pentodes, 
being frctpiently housed in one glass envelope. Such a valve may 
consume an anode current as low as :i ma. for zero arid si<^nal but 
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may draw 25 ma. on programme peaks. The idea is a useful one, 
however, for the average current drawn by the valve is small, 
probably not greater than 7 ma., and the valve can deliver 1*5 watts 
of audio-frequency power with 150 volts on the anodes compared 
with about 0-2 watts from a single triode taking the same average 
anode current. 

Class B Operation. Up to this point we have been con¬ 
sidering Class A amplification, in which the anode current of an 
amplifying valve flows throughout the entire cycle of grid potential. 
In the previous chapter on distortionless amplification it was men¬ 
tioned that valve grids should never be allowed to go positive with 
respect to the cathode. Should this occur due to the use of insuffi¬ 
cient grid bias or too great a signal amplitude, current flows from grid 
to cathode for the period during which the grid is positive, and this 
current, in flowing through the grid leak (or transformer secondary), 
causes a drop in the grid potential of the valve with consequent 
waveform distortion. To minimize this effect a transformer with 
a very low secondary resistance may be used, and if this is done it is 
possible to obtain quite good quality of reproduction from such an 
amplifier using two valves with positive grid drive in push-pull. 
The characteristics of triodes used under such conditions are similar 
to those of pentodes, and operation is consequently more efficient 
than under Class A conditions. As grid current is flowing in one 
valve or the other at every point of the cycle of input potential it 
follows that appreciable audio-frequency power has to be supplied 
from the penultimate or driver stage of the amplifier. This system 
of operation is used extensively with pentodes or tetrodes in mains- 
driven public address amplifiers and with, triodes (two to each 
bulb) in the output stages of battery receivers, particularly in U.S.A. 
In Great Britain the output stage of battery receivers is nearly 
always a single pentode used under Class A conditions or else consists 

of a quiescent push-pull system. 

Electro-mechanical and Electro-acoustic Relationships. 
We shall begin this section with a brief account of the fundamental 
principles of electro-acoustics, the science that deals with the 
relationship between electrical, mechanical and acoustic circuits. 
Loudspeakers, microphones, gramophone cutter heads and pickups 
are just a few examples of electro-mechanical or clcctro-acoustic 
devices, the design of which is best understood in terms of these 
principles. 

Consider Fig. 127 which represents a mechanical circuit. A 
mass m is acted upon by a force / = /o sin o)t which, as this 
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expression shows, varies sinusoidally with time, and its movement 
is restrained by a frictional force r. We shall assume the magnitude 
of this frictional force to be directly proportional to the velocity of 



m. 


Fic. 127.—A Mochanical Tuned Circuit, posseaainp Mjvjs and Elasticity, 


movement of m. The effect of the spring shown in the diagram is 
to provide a certain restoring force, i.e., stiffness s, and we shall 
assume the magnitude of this force to be directly proportional to 
the displacement x of the body. We thus have the following 
equation of motion for m— 



-f = / = /o sin (x)t. 


Differentiating this and rewriting the equation in terms of the 
velocity have— 

dH , r dv ^ s Lto ^ ... 

dt^ 


, r dv , s 

H -TT + — V 

m dt in 


cos cot 


( 1 ) 


which compares directly with the equation for the electrical tuned 
circuit, Fig. 45, which, as shown on page 68, may be expressed— 


dH Rdi i 

LG 



cos cot 



Comparison of equations (1) and (2) shows that the velocity of 
movement of tlie body for the mechanical circuit compares with 
current in the electrical case. Mass and inductance are evidently 
analogous quantities and so are the two kinds of resistance, 
mechanical and electrical. C, however, in the electrical case 

1 

compares with - in the mechanical circuit. This, the reciprocal of 
the stiffness, is known as the “ compliance *’ of the circuit. The 


similarity may be continued further : since x ^ dt and 9 ~ 
linear displacement and quantity of electricity are also analogous. 
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The solution to equation (2) is given on page 69 and derived 
in Appendix VI. Neglecting the transient part, the solution is 

Eq sin (cot — 0) 

1 \ 2 


t = 



( 


4 - ((oL — 


(oC 


coL 


where 


tan 6 = 


ojC 


R 


By analogy the solution to equation (1) is— 

/o sin (cot — 0) 


V = 



r^ -\- I mco 




where 


tan 6 = 


mo) — 
0 ) 


Resonance for the mechanical circuit occurs when mco =-- which 


gives CO 



so that— 


which compares with / = 


2n\l 

1 


for the electrical case. 


2nVLC 

“ Mass-controlled ” or “ Inertia-controlled ” Systems. 
In any mechanical tuned circuit it is possible to find a range ot 

values for co, for which mco is very much greater than This 

frequency range lies entirely above the resonant frequency of the 
tuned circuit, and throughout this range the circuit is sai o e 
“ mass-controUed ” or “ inertia-controlled For any frequency 

within this range we have— 

fo ^ /o_ 


Vn = 


r + jYww 


0 }/ 


r + jmco 


in which = peak value of the velocity of movement. Frequently 
in mechanical tuned circuits, as in electrical ones, the resistive 
component may be neglected in comparison with the reactive one, 

SO we may say— 

jino) 27zf'm 


V. 
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For a given applied force, therefore, and a given mass, the velocity 
of movement is inversely proportional to frequency. 

“ Elastic-controlled ” or “ Stiffness-controlled ” Systems. 
At frecpiencies well below the resonant value in a mechanical tuned 

circuit will be very mucli greater than rnoj, and for this case— 



Neglecting the resistive component again— 



For a given applied force, the velocity of movement will now bo 
directly proportional to frecpieney in a given mechanical system. 

Resistance-controlled ” Systems. If the resistive com¬ 
ponent of the mechanical impedance predominates, then we have— 



i.e., the velocity is constant for a given applied force and so does not 
vary with frequency. 


Acoustical Vibrating Systems. A volume of air contained 
within a cavity or a pipe may also be regarded as a resonant system. 
Ihe mass of the air, as in the mechanical case, behaves as inductance 
and is known as “ inertanco ”, and tie* elasticity of the air provides 
the compliance. It is possible to derive a diflerential equation, of 

the same type as (1) and (2) above, for the motion of the air upon 
displacement. 


Suppose the dimensions of the mass of air are very small com¬ 
pared with the wavelength of the applied force. Then, if tlie air 
is contained within an almost clo.sed cavity, the effect of the 
elasticity will be greater than that oi the mass, i.e., tlie system will 
bo stiffness-controlled , and it may be represented in an equivalent 
electrical circuit as a condenser. Alternatively, with the same 
proviso about the smallness of the tUmensions, if the mass of air is 
contained within a tube, open at botli ends, in which there is con¬ 


sequently practically no restoring force, then the effect of the mass 
will predominate and the system is said to be " mass-controlled ” 
and may be rejircsentod in an equivalent electrical circuit as an 
inductance. Ihis particular aspect of the subject of electro- 
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acoustics has important applications, as we shall see later, in the 
design of microphones and loudspeakers. 

Telephone Receivers or Headphones. In the early days of 
broadcasting, prior to about 1926, when crystal sets were practically 
the only type of receiver available, the conversion of electrical 
power into acoustic power 


was achieved by means of 
headphones. The principle 
of operation of these will 
be evident from Fig. 128. 
A thin iron diaphragm 
is rigidly clamped at its 
edges so that it nearly 
touches the pole pieces of 
a permanent magnet, both 
of which are inserted 
within windings which are 
connected in series. The 


Winding diaphragm Winding 



Po/e~pieces 


Per/nanent 
magnet 

Fio. 128.—Illustrating the Construction of a 
Conventional Headphone. 


pull / on the diaphragm is proportional to the square of the flux 
density B. Thus when an alternating current flows through the 
windings the inducing field H varies in direct proportion, and the 
flux density varies about its steady value 5, changing from B dB 
to R — bB. We thus have— 


bj = K{{B + bBY - (R - SB)^} 

= 4KB. bB, 

in which if is a constant of proportionality. The force on the 
diaphragm is thus directly proportional to the product R. bB. 
This is a maximum at a fairly large value of R, which means that 
a powerful permanent magnet is necessary for successful results. 
Since the force on the diaphragm is inversely proportional to the 
square of the distance between the diaphragm and the pole pieces, 
it is desirable to make the distance between these as small as pos¬ 
sible, provided that the diaphragm does not touch the pole pieces 
in vibrating. It is interesting to note that it is essential to use 
a permanent magnet in a telephone receiver ; if a soft iron core 
were employed instead, then frequency doubling would occur 
since there would be two attractions of the diaphragm per cycle 
of the applied emf. 

The diaphragm of a telephone receiver may be regarded as 
a mechanical tuned circuit in which the mass of the iron sheet 
(together with that of the air imprisoned between the diaphragm 



200 


THE LOUDSPEAKER 


and the ear and also together with that of the air imprisoned behind 
the diaphragm) forms the inductance and its stiffness (again with 
a correction due to the elasticity of the neighbouring air) forms the 
compliance. These constants give a resonant frequency usually 
about 800 c/s, and at and near this value the sensitivity of the 
receiver is a maximum. It is this principal resonance which is 
responsible for the “ tinniness ” which characterizes the reproduc¬ 
tion from headphones. There are also other minor resonances in 
the response curve due to the fact that the diaphragm can vibrate 
in other modes, e.g., it may vibrate about a diameter, one-half 
moving inwards whilst the other half moves outwards. Though 
far from level, the curve extends over quite a wide frequency range, 
notes of 80 c/s and 14,000 c/s being audible on a normal pair of 
headphones. A considerable amount of harmonic distortion, chiefly 
second harmonic, is produced however, due to the fact that the 
force exerted on the diaphragm is inversely proportional to the 
square of its distance from the pole pieces. For a pure tone input 
to the telephone receiver, tliis means that the inward displacement 
of the diaphragm will be greater than the outward displacement, 
which is equivalent to the addition of a second harmonic term in 
the reproduced .sound. This <listortion will bo most noticeable at 
low frequencies, since the amplitude of movement of the diaphragm 
will bo greatest in this region. 

Early Loudspeakers. The introduction of thermionic ampli¬ 
fiers about 1920, which made the successful operation of loudspeaking 
equii>ment possible for the first time, naturally caused a burst of 
interest in loudspeaker design. In earlier days experimenters had 
noticed the improvement in loudness brought about by placing 
a telephone receiver earpiece in a basin or small bowl, the sides 
of which acted as an acoustic transformer, converting the low- 
amplitude high-pressure movements in the air near to the diaphragm 
to low-pressure high-amplitude (and hence high-volume) movements 
in the outside air. This “ horn elfect ” caused a mtunfold improve¬ 
ment in the efticiency of the electro-acoustic transformation. It is 


not surprising, therefore, tliat the earliest forms of loudspeaker 

simply consisted of a telephone receiver earpiece carrying a metal 

iiorn. 1 his type was soon abandoned, ho>vever, probably because 

of its excessive “ tinniness ", i.e., the largo amount of frequency 

distortion associated with the principal resonance of the iron 
diaphragm. 

Horn-loaded loudspeakers were then abandoned in favour of the 
moving-iron or “ cone ” type, which employed a paper diaphragm. 
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The construction of one 
type is shown in Fig. 129. 
An iron armature is 
securely fixed at one end 
to the pole piece of a per¬ 
manent magnet and carries 
a reed attached to the dia^ 
phragm at the other end. 
A screw mechanism enables 
the distance between the 
free end and the opposite 
pole piece to be varied. 
As in the case of the tele¬ 
phone receiver, the force 
exerted on the armature 
can be made a maximum 
by adjustment of the pole 
strength of the permanent 
magnet. This force is also 



inversely proportional to Fio. 129.—Sectional View of Simple Moving- 
the square of the distance Speaker, 

between armature and pole piece, so that, to obtain maximum 
sensitivity, this distance should be as small as possible. The 
adjustment is carried out by means of the screw mechanism so 
that, even at the greatest amplitude of vibration of the armature 
(which occurs at the lowest frequencies), the armature just misses 
the pole piece. Such loudspeakers give considerable second har¬ 
monic distortion, as would be expected, the reason being the same 
as for the telephone receiver. Many modifications were made to 
this type of loudspeaker motor which considerably improved its 
performance. In particular, the so-called “ balanced armature 
provided an almost linear relationship between deflection and 
current, but its performance still fell short of that obtainable with 
the moving-coil type, possibly because of the difficulty of matching 
its highly inductive windings to a purely resistive output valve. 
In fact, moving-iron loudspeakers can only be successfully used 
with a triode output valve, for with these the variation of output 
power with change in load impedance is far less than with pentode 
valves. 

Moving-coil Loudspeakers. A sectional view of a typical 
moving-coil loudspeaker is given in Fig. 130. The diaphragm, 
circular or elliptical, may be straight-sided or exponentially curved, 
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and it carries at its centre a 
short solenoid which is held 
centrally in the annular gap 
of a permanent or energized 
magnet system. Possibly the 
most convincing reason for the 
superiority in performance of 
the moving-coil loudspeaker 
over other types ^is that the 
force exerted on the diaphragm 
due to the applied ac is 
directly proportional to the 
current and independent of its 
frequency. It is, in fact, given 
by— 

f = BlI = 27imIB (1) 

where B = flux density in the 

air gap in gauss, 

I = length of wire in 
the speech coil in 
centimetres, 
r = radius of speech coil in centimetres,' 
n — total number of turns on speech coil, 

I — current in speech coil in absolute units, 
and / = force exerted on diaphragm in d}mes. 

This may be written— 

/ = 2jirnBI = FI, 

where F = 27irnB — total length of wire x mean flux density in 
air gap and also is equivalent to the force duo to one absolute unit 
of current and to the emf induced in the coil when moving with 
an axial velocity of one centimetre per second. 

Let wig = effective mass of diapliragm, including the influence 

of accession to inertia due to the air in w'hich the 
vibration occurs, 

Tg = effective mechanical resistance due to frictional loss 
and sound radiation, assumed proportional to the 
axial velocity of the diaphragm, 

X = axial displacement of diaphragm from it-s equilibrium 
position, 



Fio. 130.—Sectional View of Moving- 

ooil Speaker. 
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and s = axial constraint due to centring spider and the outer 

surround of the diaphragm, so that the restoring 
force due to a displacement x is sx. 

Then from mechanical considerations we have the differential 
equation— 

n n T 

= FI = driving force (2) 

the current I being sinusoidal. 

A loudspeaker is usually matched in impedance to a thermionic 
valve by means of a transformer, the ratio of whose turns is much 
greater than unity. If for simplicity we assume the transformer 
to be electrically ideal, the impedance of the loudspeaker may be 
transferred to the anode circuit of the valve on multiplying by the 
square of the turns ratio. By virtue of motion in the magnet field, 
a back emf is induced in the loudspeaker coil. Thus during 
vibration the impedance of the coil may be considered to have 
two components : (a) that when it is stationary and (6) that due 
entirely to motion in the magnet field. By virtue of the latter, 
electrical power is transformed to sound power. A schematic 



Resistance and induct¬ 
ance with driving agent 
stationary 


Resistance and cap¬ 
acity due to motion 


Fig. 131._Equivalent Electrical Circuit of Moving-coil Loudspeaker. 

diagram of the output stage with the loudspeaker referred to the 
anode circuit of the valve is shown in Fig. 131. If, in this circuit, 

L = total inductance 
R Ro + = total resistance 

Z = total impedance 

and E = fxEg = pd, 

then from electrical considerations we obtain the differential 

equation— 

= E = operating pd 

at dt 


. ( 3 ) 
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Solution of the equations (2) and (3) leads to the relationships 

7 _E _ E 


" - i)’ 

where the “ motional electrical resistance ” 


-f- I (om — 


-) 

CO/ 


and the “ motional electrical capacitance ” 




- 1) 
coF^^— — com^ 


Mechanical resonance occurs when C- is infinite, that is when 


-cow = 0. 

CO 


Then 


= /£- 
V m 


and the resonance frequency is 


= - /-• 
2;rV w 


Loudspeaker Response. Fig. 132 shows a response curve of 
a moying-coil loudspeaker. Here the frequency band covered is 
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much wider than is customary in broadcast receivers, the response 
being within ^ 7 decibels over the range 30 to 12,000 c/s, which 

may be regarded as a fairly good performance for a commercial 
loudspeaker. 

* Tliis analysis is taken from HibUoj?mpliical Reference 7. 
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The power wasted in a mechanical circuit is given by where 
r is the radiation resistance of the diaphragm and v is the ems value 
of the velocity of its movement; this compares directly with 
for an electrical circuit. Now the radiation resistance of a piston 
is roughly proportional to the square of the frequency. To radiate 
constant power, therefore, the velocity of movement of the diaphragm 
must be made inversely proportional to frequency. As explained 
earlier, this is true for a “ mass-controlled system, i.e., it applies 


to a mechanical tuned circuit, for frequencies above the resonant 
value. It is customary, in consequence, to place the resonant 
frequency of the diaphragm assembly of a moving-coil loudspeaker 
at a low value (70 c/s is common) in order that the system will 
radiate constant power above this frequency. The value of the 
resonant frequency depends on the values of m and s, being given, 

as shown earlier, by f = — / — Decrease in stiffness or increase 

27t\J m* 

in mass will hence lower the resonant frequency. Large diameter 


cones of, say, 10-inch or 12-inch diameter have thus a lower funda¬ 
mental resonant frequency than one of, say, 6-inch diameter. If 
a force with a frequency of 100 c/s is applied to a straight-sided 
cone an appreciable output will occur at 50 c/s, half the frequency 
of the applied force. This is known as a sub-harmonic and cannot 
occur to anything like the same extent with curved cones. Though 
straight-sided cones are common, there is an increasing tendency 
in these days to use exponentially-shaped cones, for these tend 
to defeat the formation of these unwanted sub-harmonics of the 


frequency of the applied force. 

Unfortunately the mere provision of a low mechanical resonant 
frequency does not solve completely the problem of designing a 
satisfactory loudspeaker, for as the frequency of the apphed force 
approaches that value for which the radiated wavelength equals 
half the circumference of the diaphragm, the radiation resistance 
tends to become constant at approximately 413 mechanical ohms 
per square centimetre of surface. If the diaphragm continue to 
behave as a piston at high frequencies, then there would be a marked 
falling off in high-frequency radiation, since v is inversely pro¬ 
portional to frequency and r is constant. To compensate or s, 
however, the diaphragm only behaves as a piston, i.e., moves o y 
as a whole, over a limited frequency range. The upper 
this behaviour occurs approximately at that frequency or w ic 



at roughly 1,000 c/s for a diaphragm 
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6 inches in diameter). At frequencies above this value the 
diaphragm behaves as an acoustic transmission line, the amplitude 
being a maximum at the centre of the cone and varying to zero at 
the edges. At these high frequencies, therefore, only the centre 
parts of the diaphragm are useful in providing radiation. As 
a consequence, the effective value of w becomes progressively less 
as frequency increases. Consequently the value of falls as 
frequency increases. This is a good thing, for it tends to “ hold 
up ’’ the high-frequency response by reducing the impedance of 
the circuit in Fig. 131 below the value which would obtain had 
m remained constant. 

There is another feature of loudspeakers which also tends to 
correct the falling high note response, namely, that the radiation 
from the diaphragm becomes more and more directional as frequency 
increases. Very high notes are focused in a beam along the axis of 
the loudspeaker ; very low notes seem to be radiated more or less 
omnidirectionally. On the axis of the loudspeaker, then, very little 
loss of high notes will be noticed ; at points off the axis a lack of 
“ top ” is probable. Attempts are frccjuently being made, in the 
design of good receivers, to remedy this fault by fitting “ diffusers ” 
or reflectors witliin the cone to deflect high notes from the axis. 
They do not appear to be very successful, however, and a better 
method will be mentioned in the next section. 

Many liigh-quality moving-coil loudspeakers employ two dia¬ 
phragms attached to the same speech coil,* one large and of fairly 
heavy material (with a fundamental resonant frequency of, say, 
70 c/s) to radiate up to perhaps 5,000 C/s, and the second small, 
extremely light and rigid, and free-edged to radiate above this 
frequency. This secondary cone would probably have a resonant 
frequency of the order of 5,000 c/s and be capable of radiating well 
up to, say, 12,000 c/s or even higher. The great stiffness necessary 
with these “ tweeter ” cones is often achieved by giving them an 
exponential shape, for this enables an extremely light material to 
be used. The response curve of Fig. 132 is an axial one of a twin- 
diaphragm loudspeaker of this type. 

Impedance-frequency Characteristic of a Moving-coil 
Loudspeaker. Since a valve behaves as a generator with an 
internal impedance which is purely resistive in nature, it is necessary, 
in order to obtain maximum power from it, to present it with 
a purely resistive load. In this respect telephone receivers and the 
early forms of loudspeaker aixMiotable failures, since their impedimee 

* Voigt's patout, No. 41375$. 
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varies considerably with frequency. In fact, the best approximation 
we have to a purely resistive loudspeaker is the moving-coil type. 
The variation of the impedance of such a loudspeaker wdth frequency 
is illustrated in Fig. 133. This curve is an experimental one based 



Fig. 133.—Variation of Effective Speech Coil Resistance of Moving-coil Speaker 

with Frequency. 

Dotted curve shows effect of condenser across primary of output transformer. 

on the behaviour of a component of “ 2-ohms impedance . This 
particular value refers to the impedance at 400 c/s as shown in tho 
curve. The ohmic resistance of the speech coil is probably about 
b5 ohms. 

This impedance curve presents two interesting features . one is 
the sharp increase in impedance at a frequency of 70 c/s, an , as 
shown in Fig. 134 (which illustrates the variation with frequency 
of the phase angle between applied voltage and current), the ou 
speaker is purely resistive in nature at this frequency. t is 
to account for this rise in impedance by reference to Fig. 131. 

The value of is a maximum when i e.. at the bass 

resonant frequency ; the primary circuit will accordingly offer 
maximum impedance at this frequency. This sharp rise m im 
pedance, therefore, occurs at the fundamental mechanica resona 
frequency of the moving system of the loudspeak^. eriera y 

speaking, this resonant frequency lies between 40 an ^ 

the increase in impedance is usually sixfold, as in ig. ■ 
increase is less if the diaphragm is loaded, as, for examp e, w 
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. Fio. 134.—Variation of Phase Angle with Frequency for Loudspeaker of Fig, 133. 

the loudspeaker is used to drive a horn. The second noteworthy 
feature of Fig. 133 is the gradual but steady rise in impedance 
which occurs after 500 c/s. This is due to the inductive nature of 
the loudspeaker. At high audio-frequencies both the electrical and 
the mechanical constants of the loudspeaker are inductive, the 
electrical constants because of the nature of the speech coil winding 
and the mechanical constants because the moving system is effec¬ 
tively mass-controlled. Fig. 134 confirms the inductive nature of 
the loudspeaker impedance, the phase angle reaching a value of 
60° at 10,000 c/s. This high-frequency rise commonly reaches 
a value at 10,000 c/s which is six times that at 400 c/s, although 
the rise can be considerably reduced by magnetically saturating 
the pole piece situated within the speech coil. By so doing the 
permeability of the core becomes effectively unity and, consequently, 
the speech coil has the same inductance ns if it were air-cored. 
The inductance value obtained by this means is less than for normal 
moving-coil loudspeakers. In fact, by saturating the pole pieces 
the rise in impedance can bo so reduced that at 10,000 c/s it« value 
is only IJ times that at 400 c/s. Hence, by using this method 
together with horn-loading, it is possible to obtain a very good 
approximation to the ideal constant resistance characteristic. 

Variation of Output Current and Output PD with Fre¬ 
quency. As shown earlier in this chapter, to obtain maximum 
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power output from a triode valve the load resistance must be 
approximately double the anode ac resistance of the valve. Clearly 
this can only be achi^eved at one frequency since the impedance of 
a moving-coil loudspeaker varies so much, and the correct matching 
is usually made at 400 C/s. A 
certain amount of mismatch¬ 
ing is inevitable at other fre¬ 
quencies. Investigation of this 
point may be made by use of 
Fig. 135. This represents a 
loudspeaker driven by a valve, 
which is represented by a gen¬ 
erator with internal resistance 
as usual. The customary 
matching transformer has been 
omitted, and the valve generator and its resistance are here given 
the values they would have at the secondary of the output trans¬ 
former. If the nominal impedance of the loudspeaker is Zq, i.e., 
if this is its value at 400 c/s (its value generally being Z ohms), 
then if the output valve is a triode obeying the usual matching 



Loud¬ 

speaker 


rule the generator resistance in this circuit will be 



ohms. 


Let us suppose the generator delivers an emf of E volts. Then 

E 

at any frequency the current in the circuit will be given by ^- 

Ra 

where the addition in the denominator is vectorial. Expanding 
this we have— 


j _ E _ _ E __ 

R^ + Z (R^ -{- Z cos 6) + jZ sin 6' 

d being the phase angle between the current vector and the vector 
representing the pd across the speech coil. 

The way in which the value of this expression varies with 
frequency is shown in Fig. 136. This curve was evaluated for the 
characteristics of the loudspeaker represented in Figs. 133 and 134, 
Ra being 1 ohm and E being 1 volt. The current in the speech 
coil evidently varies considerably with frequency and one might 
therefore expect that the radiated sound power would vary simi¬ 
larly. In fact this does not occur for the reasons given earher in 
the section on electro-acoustics. The increase in electro-acoustic 
efficiency at the bass resonant frequency “ holds up ” the response 
at and near that frequency and the focusing effect “ holds up ” 


p 
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Fio. 13().—Variation of Oiitput Ciuront with Frequency for Triodo nnd 

Pontodo Matching Condition. 

The Loudspeaker Chametoristica U30tl nro those given in Figs. 133 and 134. 


the “ top though it is true that there is a definite falling off in 
high frequency response in all save high-grade moving-coil loud¬ 
speakers. By making Zo = which is typical of the matching 

o 

rule used for pentode and tetrode output valves, and repeating the 
above process, the dotted curve of Fig. 136 was obtained. This 
shows much less variation with frequency than in the triode case. 
The PD across the speech coil is given by— 


I.Z = 




(i?„ + Z cos 0) -f- jfZ sin 0 

and its value can thus be obtained by multiplying the ordinates 
of Fig. 136 by those of Fig. 133. The results are illustrated in 
Fig. 137, the solid curve applying to the triode and the dotted one 
to the pentode matching condition. 

Comparison of the current variations and voltage variation 
curves in Fig. 136 and Fig. 137 shows that the current is approxi¬ 
mately constant for the pentode valve (it actually varies in the 
ratio 1 : 2 over the frequency range of these curves compared with 
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Fio. 137.—Variation of Output pd with Frequency for Triode 

and Pentode Matching ConditionB. 

The Loudapeaker Characteristics used are those given in Figs. 133 and 134. 

1 : 5 for the triode), whereas the pd is approximately constant for 
the triode (the variation here is in the ratio 1 : 1-4 compared with 
1 : 4-3 for the pentode). Hence the oft-quoted statements that 
triodes tend to behave as constant-voltage generators and pentodes 
as constant-current generators. It should be appreciated, however, 
that it is only the ratio of Rl to Ra ^^at decides whether valves 
should be regarded as generators of constant voltage or constant 
current. A triode, for example, with a very small load (say equal 
to -i^oth of Ra) will behave .as a constant current generator. 

Frequency Distortion due to Output Valve Matching. The 
PD across the speech coil at 10,000 c/s for the pentode case is four 
times that at 200 c/s, whereas for the triode case the ratio has 
the value 1-5. It follows, therefore, that the ratio of “ top ” to 
“ middle ” in the reproduction must be different in these two cased. 
Generally speaking, manufacturers of loudspeakers design their 
products to give reasonably balanced reproduction when they are 
fed from a low-impedance source. A triode with an of about 
1,000 ohms is frequently used. There will hence be an emphasis 
of “ top ” when a pentode valve is used as source compared with 
the reproduction from a triode, and the magnitude of this lift will 

be 20 logio — = 8*5 decibels, which is quite evident to the ear. 

1*5 

Before the event of negative feedback it was customary to limit the 
rise in loudspeaker impedance at high frequencies (and hence the 
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magnitude of this “ top lift ”) by connecting a condenser or bo 
circuit across the loudspeaker (or more usually across the primary 
of the output transformer). The effect of this on the impedance- 
frequency characteristic can be seen by the dotted curve in Fig. 133. 

Similar remarks apply to the rise in impedance at the low- 
frequency resonance. At this frequency, too, a pentode, by virtue 
of its large R^^y will supply far more power to the loudspeaker than 
at other frequencies. There is thus a pronounced “ bass lift ” over 
a limited frequency range. This does not occur to the same extent 
with a triode since there is a considerable fall in current at the bass 
resonant frequency. Receiver manufacturers often make use of 
the bass lift given by pentodes by employing small and rather 
cheap output transformers with small primary inductances, the 
idea being that the rise in acoustic output at low frequencies due 
to the loudspeaker resonance is offset by the electrical loss in bass 
caused by the low inductance. The effect of the driving source 
impedance on the quality of reproduction may be expressed some¬ 
what differently by saying that the low of a triode provides good 
electrical damping and so limits the amplitude which the diaphragm 
can develop at low frequencies. The higher of the pentode 
permits the development of considerable power in the bass. 

It is clear, then, that the response curve of a loudspeaker, 
particularly at the bass and extreme top, is a function of the 
impedance of its driving source. Low values of R^^ give less bass 
and less top than high values. Response curves, in consequence, 
are not of very great value unless the impedance of the output 
valve used in taking them is specified. 

To give good reproduction a fairly low value of is necessary. 
This does not preclude the use of pentodes, however, in spite of 
their large R^^, for their ac anode impedance can be effectively 
reduced by the use of negative feedback (which we shall discuss 
later in this chapter). It may safely be said that the advent of 
negative feedback has saved the reputation of the pentode as an 
output valve. It is possible, if sufficient negative feedback is used, 
to reduce the of the valve practically to zero so that it behaves 
as a constant-voltage generator. Tliis will have an effect on the 
response curve of the loudspeaker as explained above. It will tend 
to give a slight loss (about 3-5 decibels usually) at 10,000 c/s com¬ 
pared with a triode. This is not serious as it will hardly be 
detectable. 

Horn-loaded Moving-coil Speakers. The ratio of power 
converted into useful sound to total power put in a moving-coil 
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speaker is poor, about 6 per cent. This figure can be considerably 
improved by providing the loudspeaker with a horn, preferably of 
exponential shape. An exponential horn is one which obeys the 
equation— 

A = 


where A is the cross-sectional area at a distance x from the throat, 
Ao is the initial cross-sectional area, 
and m is a constant. 

This hom-loading principle is able to improve the efficiency to as 
much as 30 per cent, by virtue of the fact that it behaves as an 
acoustic transformer converting the small amplitude high-pressure 
fluctuations in the air near the diaphragm to low-pressure 'high 
amplitude (and hence high volume) fiuctuations in outside space. 
A hornless moving-coil loudspeaker can perform this transformation 
quite well down to frequencies of the order of 200 c/s (in fact, the 
diaphragm of a hornless loudspeaker is a good matching device for 
aU frequencies down to the value for which the circumference of 
the diaphragm equals twice the wavelength), but by suitable design 
the horn-t 3 rpe loudspeaker can maintain this process down to 50 c/s. 

Two conditions decide the low-frequency cut-off for an 
exponential horn. One is the circumference of the final opening 
(the mouth), which should not be less than 2A at the lowest frequency 
wanted. Hence a horn required to reproduce 50 c/s, for which 
A = 22 feet, will need a circumference of 44 feet and can be 11 feet 
wide if of square section or 14 feet in diameter if of circular cross- 
section. The other condition is the rate of expansion, which must 
be less than a certain value which depends on the lowest frequency 
wanted. The critical value is given by— 


m 


47r/_2co 

V V 


471 

T* 


where v = velocity of sound in air. 

Thus for a cut-off frequency of 50 c/s m must not exceed 
i.e., 0*57. This gives the law for this particular horn as 


4 X 3-142 
22 


Putting X = 1 gives 

A = l'77Ao, 


so that this horn should be such that its cross-sectional area increases 
by 1*77 times for each foot of length. If we assume the initial area 





Modern horn-type loudspeakers used in public address systems, 
such as those in cinemas, usually have a small metal diaphragm 
about 2 inches in diameter and of concave section situated in the 
throat of an exponential horn. To ensure that radiations from all 
parts of the diaphragm reach the throat in phase a “ phase corrector 
is placed in front of the diaphragm. This is an obstruction designed 
so that radiations from all parts of the diaphragm have to traverse 
the same length of path in order to reach the throat. This has the 
effect of preserving a good high-frequency response. 

Domestic “ Corner-horns P. G. A. H. Voigt has designed 

an interesting horn for domestic use. It is made of plywood and 

IS designed to fit into the corner of a room so that the walls effectively 

add to the length of the horn. The room, in fact, becomes part 

of the horn. In spite of this ingenious idea it is impossible, whilst 

keeping the physical dimensions of the horn reasonably small, to 

provide adequate radiation of notes dowii to, say, 50 c/s, and so 

an acoustic chamber resonating at low frequency is provided to 

“ hold up ” the bass response. The main axis of the horn is 

vertical, and a curved surface at the mouth deflects the soimd-waves 

out into the room. By paying careful design to the shape of this 

reflector it is possible to get a very close approximation to the ideal 

uniform distribution of all audible frequencies throughout the room. 

A photograph of a domestic corner horn is given in Plate VII 
between pages 102-3. ’ 


Distortion. Before examining the effects of negative feedback 
m detail it is convenient at this point to consider the various sources 
and types of distortion in a receiver or amplifier. If the amplifica¬ 
tion varies over the audio-frequency range, being greater at one 
rcqiiency than another, tlien frequeticij or attenuation distortion is 
present : such distortion is caused by sideband cutting in rf or 
IF amplifiers or in af tran.sformers or RC coupling networks. 

Non-linearity in valve dynamic characteristics or mis-adiust- 
ments m biasing conditions lead, as we have seen, to the introduc- 
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tion of spurious notes'or harmonics, this being known as harmonic or 
intermodulation distortion * ® 

The phase angle of an nc network is a function of frequency. 
A practical consequence of this is that notes of various frequencies 
do not pass through an amplifier in the same time so that the phase 
relationships between the various harmonics of a complex waveform 
are disturbed. This type of distortion, which is rarely troublesome 
unless present to a considerable degree, is known as jphase distortion. 
There are additional types of distortion such as the scale distortion 
mentioned in Chapter I, but we are at present concerned only with 
the types mentioned above, for they can aU be reduced considerably 
by the use of negative feedback. 

Negative Feedback.^'^O'^^*^^*^® Of recent years it has become 
customary in the design of receivers, amplifiers and transmitters, to 
feed a fraction of the output of an at amplifier back to an earlier 
stage so that it opposes in phase the signal already there. The 
fraction, /?, of the output which is so employed may be proportional 
either to the voltage output or the current in the output circuit, i.e., 
one can have either voltage or current feedback and, as we shall see, 
their effects'are different. 

Voltage Feedback. The basic circuit for voltage feedback is 



Fio. 138.—Generalized Voltage Feedback S3^tem. 


given in Fig. 138. In this the fraction of the output voltage which 
is fed back is clearly given by— 

R\ -f* -^2 

if the resistors 8'iid iJ, are non-inductive. 

Theoretically, if the amplifier contains an even number of 
RC-coupled valves, the output voltage will be in phase with the 

* The introduction of harmonics cannot of itself cause audible distortion, 
for such frequencies are nearly alwaj^ present in the waveform even before 
it reaches the amplifier. Inter-modulation is the real culprit, i.e., the sum 
and difierence tones between the various harmonics generated within the 
valves, this leading to the introduction of notes which were not present in 
the original input and do not blend harmoniously with them. 
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input: if an odd number of valves is used, then the phase difference 
will be just 180°, so that there should be no difficulty about securing 
exact opposition in phase between input and feedback voltages. 
In practice the amplifier is certain to contain reactances which 
cause phase shifts to occur, in which case the feedback voltage will 
be cos 0, where 0 is the angle between the input and output 
potentials. From this it is apparent that it is best to apply feedback 
over the smallest number of valve stages possible, for if a large 
number of stages are present then it is quite possible for the feedback 
potential to be out of phase with the input at one frequency and 
in phase with it at another. This cannot occur over a single 
valve stage. 

Referring to Fig. 138, due to the use of feedback a greater 
input voltage will be required to give the output obtained without 
feedback. In fact, if the input voltage is e and the output voltage E, 
then the new input required is e + ^E. The voltage gain of the 

E E 

amplifier has thus been reduced from — to - We have 

e e pE ' 

therefore, that the ratio in which the gain has been reduced is given 
by— 

_e ^11 

e + pE “ r + pA 

e 

where A is the magnification of the amplifier without feedback. 

This represents a loss of 20 log,o(l + PA) decibels. The gain 
with feedback may be \vTitten— 

A 

\TpA 

For example, if ^ = 0 05 and if the amplification \vithout feed¬ 
back was 100, then the reduction is = \ and the new gain is 

1+56 ® 

100 

times roughly, which represents a loss of 15 decibels. 
The expression for gain with feedback may be written as— 


1 



from which it is easy to see that if A is large, then the gain using 
feedback is almost independent of the value of gain without it, being 
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given approximately by For example, if ^ = 1,000 and p 

then the gain with feedback is given by— 

1 


= 0 ' 1 , 


0-001 + 0-1 


= 9-901 which is very nearly ~ or 10. 


So far the advantages of feedback have not been disQiiseed. 
Suppose an amplifier suffers from frequency distortion, having a gain 
of Ax at a frequency fi and A* at /g where Ax > Ag, the loss in 
decibels at /a compared with /,, being given by— 

20 logxo"^^ 


a; 


A, 


If feedback is applied, the new gains at /x and /g are -- 

1 + pAx 


and 


A, 


1 +/?A 


respectively^ the relative loss at /g now being- 
201ogi„4^.1-i-^4-’ decibels, 


Ag i + ^Ai 

which, as —^^is less than unity, is clearly a smaller loss than 

1 + pAx 

before. As a numerical example, suppose Ax = 100, Ag = 30 and 
P =0*1. The loss without feedback— 


= 20 logxo 


100 

30 


= 10-4 decibels, 

which is quite noticeable. The loss using feedback is 

100 1 + 30 X 0-1 100 4 

20 logxo — . , , = 20 logio 


30 1 H- 100 X 0-1 


30 11 


= 1*67 decibels, 

which is hardly noticeable. 

Thus by the use of negative feedback it is possible to reduce 
frequency distortion by— 

20 logio - decibels. 

1 + pAx 

Reduction of the Effective R„ of a Valve by Use of Voltage 
Feedback. Fig. 139 represents the equivalent electrical circuit of 
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a valve with a resistive load Rj^. A fixed potential divider com¬ 
prising i?, and is connected in parallel with R^^ and the pd 



Fio. 139.—Equivalent Electrical Circuit of a Valve with Voltage Feedback. 

R, 


developed across is used as feedback voltage, so that p = - 

"f" 

The AC component, i, of the anode current of the valve is given by_ 


i = 


(1) 


Ra+Jil. 

provided that (7?, f R^) ^ R^, as is generally arranged to be the 
case. Hence the pd across the load is given by 

iR = 

Ra+Rl. 

and the feedback voltage, by 

_ ^iPEgR^ 

Now Eg is the actual input voltage applied between the grid 
and filament of the valye. The applied signal will be e, where 
e = Eg e,f,. Substituting for in (2) we have — 


^/6 — 


( 2 ) 


e ==E„ 4- 


from which 


But 


therefore 


fipEgR^ 

Ra + Ri: 

E = —_ 

" Ra + Rl + MliR 


-- P 

L 


I = 


% = 


Ra ^ Rl^ 

ue 


Ra + -f l^P) 

= 1 


Rf. "b 


R 


a 


1 
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Comparing this with (1) we can see that the effective (which 

R 

we may denote by R^') of a valve with feedback is given by ^ ^ 

Since fi is greater than the stage gain A (particularly for pentodes, 
and feedback is generally used with pentodes), the ratio by which 
R^ is reduced is hence greater than that by which gain and distortion 
are reduced. Frequently the product ///? greatly exceeds unity so 
that we have 

R ’ 

“ gj 

Suppose — 5 ma/volt and p = i (both values being quite 
common). We then have— 

R' = - - - = 1,000 ohms. 

5 1 

1,000 ^ 5 

K the feedback voltage is derived from the output valve anode 
circuit, and is applied to an early stage in an amphfier, so that 
a number of amplifying valves are included within the feedback 
loop, then the effective R^ of the output valve is given by the 
expression— 

R ' — 

“ 1 + Afip 

in which A = gain of the amplifier between the grid of the output 
valve and the point at which the feedback voltage is re-introduced 
into the chain, and ^ = amplification factor of the output valve. 
Again, it very often happens that A/xp ^ 1 so that we can say, 



R ' - 

“ " g^Ap 

Suppose feedback is applied to a pentode output valve. Its 
stage gain will be reduced. So also will the frequency distortion, 
the amplitude distortion and the phase distortion. And—most 
useful of aU possibly—so will the effective internal resistance of the 
output valve. This is very useful, for we have already seen that 
the high value of is one of the chief disadvantages of pentode 
and tetrode output valves. A pentode output valve with a suit¬ 
able degree of feedback can give very good reproduction,- for all 
forms of distortion can be reduced to negligible proportions and the 
vilve still retain one of its most valuable features, its high ratio 
of power output to anode dissipation. In fact the only drawback 
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to this system is that a certain amount of the gain is lost. There 
are many ways of applying feedback to a pentode output valve, 
one of them being illustrated in Fig. 140. In this the values 



Fia. 140.—Ono Method of Applying Voltage Feedback to Pentode Output Valve. 


of and are chosen so that the desired 
given by— 



Rx + 


degree of feedback is 


and ^o that the value of i?, -f is great compared with the optimum 
load of the valve. The value of the condenser C is chosen so that its 
reactance at the lowest frequency wanted is negligible compared 
with so that the feedback factor is the same at all frequencies. 

Applying Feedback over Several Stages of Amplification. 
A convenient method of applying negative feedback over more 
than one stage of amplification is illustrated in Fig. 141. The 
usual by-pass condenser is omitted from the cathode circuit of 
Vx and the feedback voltage is taken from the anode of F, with 
Rx and R 2 forming a fixed potential divider as before. The values 
of and i?a are chosen to give tlie desired degree of negative 


feedback according to the expression ^ ^—~r> • The gain of 

the amplifier wdth feedback may be estimated as follows. Suppose 
Vx amphfies 100 times and Fa 30 times without feedback, giving 
an overall gain of 3,000 times. As showm above, if p is very muoh 

greater than , tlien the gain of the amplifier is given, approxi¬ 


mately, by If this condition is satisfied by the amplifier under 
discussion, then its voltage gain with feedback will be given by 
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1 It I It 

•3 '= ^ p —Suppose we decide that the wanted gain is 100 times. 
P K2 

Assuming to be 1,000 ohms, we can obtain this value of gain 
approximately by making = 100,000 ohms (strictly 99,000 ohms, 



Fia. 141.—Illustrating the Method of applying Voltage Feedback over Two 

Stages of Amplidcation. 


but the nearest common value is 100,000 ohms ; in any case com¬ 
mercial carbon resistances may have a tolerance of ± 20 per cent.). 
To be accurate and assuming all the resistances are precisely their 
face value, we can calculate the gain of the amplifier from the 
usual formula— 


A 

1 +Ap 


3,000 

1 + 3,000 X 


= 97-7 times. 


101 


very close to the wanted value. If we wish the amplifier to have 
uniform amplification at all frequencies within its range, then we 
must choose the value of G so that its reactance is negligible com¬ 
pared with + Rz at the lowest frequency in which we are 
interested. Suppose we make = 10,000 ohms at 50 c/s. We 
have— 


C = 


27ifX^ 6-28 X 50 X 10 ^ 

10 ^ 

= _ — - uF = 0*3 uF approximately. 

3-14 X 10« ^ 

If a value of C smaller than this is used, then the feedback voltage 


^F = 0-3 fiF approximately. 
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will be smaller at low frequencies than at high ones, the result 
being “ bass lift ”, and if i?, is shunted by a condenser, then we 
shall have more feedback at high frequencies, giving a falling high- 
frequency characteristic (” top cut ”). ” Top lift ” is easily secured 

by shunting by a condenser. 

If is replaced by a potentiometer of the same value, the 
feedback voltage being introduced by way of the slider, then this 
control will give variable feedback and will behave, within limits, 
as a volume control. It will be capable in this particular amplifier 
of varying the gain from 100 to 3,000 times, a range of 


20 login 30 30 decibels. 

Suppose tlie mutual couductaiicc of the output 
is 5 ma/volt. We eaii calculate its effective 
formula derived above— 


valve in Fig. 141 
according to the 



1 


5 


1 


1 ^- 7 : X 100 X 

1,000 100 

200 ohms. 


This is a very low value : in fact, it is lower than the usual value 
for a triode and so should give very good electrical damping. It is 
interesting to notice that large degrees of negative feedback thus 
tend to convert the pentode into a constant-voltage generator 
rather than a generator of nearly constant current. 

Advantages and Disadvantages of Applying Negative 
Feedback over Several Stages of Amplification. Negative 
feedback is chiefly used to reduce harmonic, frequency and phase 
distortion. In af amplifiers the coupling components, i.e., trans¬ 
formers, chokes and rc networks, cause most of the distortion, 
though valves, too, contribute some harmonic distortion (particu¬ 
larly if overloaded). It is advantageous, then, to include as many 
intervalve couplings as possible within the feedback loop in order 
to minimize the distortion which they introduce. In Chapter X 
it will be found, in the circuit diagram of the af section of a broad¬ 
cast transmitter, that the feedback has been applied over four stages 
of amplification. It is fairly obvious that the feedback voltage in 
these circumstances cannot be precisely 180^ out of phase with the 
input signal at all frequencies in the af spectrum. If an intervalve 
coupling gives frequency distortion, tlien it is dxie to the presence 
of reactive elements and these will necessarily give rise to phase 
shifts at those frequencies at which the distortion is noticeable. 
In fact, the variations in the phase angle of the negative feedback 
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V 9 ltage to some extent enable it to reduce the distortion associated 
with the phase shift. In a multi-stage amplifier containing many 
intervalve couplings, so many phase shifts occur that it is possible 
for the feedback voltage to have a component in phase with the 
input signal. This usually occurs at a very high or very low fre¬ 
quency, and if the component of the feedback voltage is equal to 
the input signal, then the amplifier is capable of supplying its own 
input, i.e., becomes an oscillator. 

Voltage feedback is to be recommended for pentode or tetrode 
valves and for supplying at power to an electro-acoustic or electro¬ 
mechanical device, as the low effective of such valves with 
feedback provides good electrical damping of the load. Also, of 
course, the reduction in distortion is advantageous. For other 
amplifying valves in receivers and amplifiers, the so-called “ voltage 
amplifying ” stages, for which electrical damping is unnecessary, 
it is possible to employ current feedback. This, as we shall now 
show, is slightly easier to apply than voltage feedback ; it has the 
same effect on all forms of distortion, but increases the effective 

of the valve to which it is applied. 

Current Feedback. Feedback proportional to the output 
current can be obtained as shown in Fig. 142, in which the feed- 



Fio. 142.—(a) Generalized Arrangement for Current Feedback, (b) Method of 
Applying Current Feedback to Pentode Output Valve, and (c) Electrical 
Equivalent of (6). 
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back voltage is RI, I being the output current. Practically, this 
type of feedback may be applied to a pentode output valve by 
omitting the by-pass condenser which is usually in parallel with the 
bias resistor in the cathode lead, which leads to the circuit shown in 
Fig. 142. Reduction of all forms of distortion occurs as before but 
the effective value of the anode resistance of the valve is increased. 
We may calculate the magnitude of the increase as shown below. 

With the bias condenser in circuit, the bias resistor is effectively 
short-circuited at all audio-frequencies and we may say, from 
Fig. 142 (c), in which the pentode is considered as a source of 
constant current, — 

^ = 

When the bias condenser is removed we need an extra input of 
IR^ to give the .same output as before. Hence— 

_ ^ggm^L _ 9m^L 

1 + gm^ 

from which we can see tliat tlie effective resistance of the output 
valve has been increased by an amount /^Rg- A typical output 
pentode valve may have // = 80 and Rg = 200 ohms, so that this 

increase may be as much as 16,000 ohms. The above theory 
also shows that the gain of the output stage is decreased by 

feedback in the ratio „ , In a pentode valve for which 




Rj^ — 200 ohms and = 5 ma/volt this amounts to which 

corresponds to a loss of 6 decibels. 

If less negative feedback is required than is provided by the 
normal value of grid-bias resistance, part of it may be shunted by 
a large by-pass condenser as shown in Fig. 143, in which only 
Ri is effective in providing negative feedback while the grid-bias 
potential is provided by R^ and i?,. If more feedback is wanted 
than is provided by the usual grid-bias resistance, then an additional 
resistance may be used to provide it, as shown in Fig. 144. In 
this circuit both R^ and R^ are effective in providing feedback 
voltage, but only Ry provides grid bias. There is no reason why 
the feedback fraction should not be made variable by means of 
a potentiometer, the potention^eter acting as a volume control, 
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JiQ. 143.—Method of obtaining less Fio. 144.—Method of obtaining more 
Current Feedback than is given Current Feedback than is given 

by the Automatic Bias Resistance. by the Automatic Bias Resistance. 


though it is practically impossible to obtain sufficient feedback in 
this way, to act as a satisfactory volume control, for which about 
50 decibels range is necessary. 

Suppose the total resistance across which the feedback voltage 
is developed is Then, from the analysis above— 

fraction to which gain (and distortion) is reduced = ^ , 

t + 9m^ib 

In order to put this expression into the form - used in 

voltage feedback calculations we can utilize the fact that the gain, 
without feedback, of a pentode valve with a resistive load is given 
by ^ ill which Rj^ is the total anode load. In the case 

of a pentode with an unbiased cathode resistance, i?/*, also forms 
part of the load, so that we have the gain in this case given by 
^ == + Rfb)- Hence— 

fraction to which gain is reduced = —;-= 5 - 

^ 1 + 9ml^fb 

_ 1 

1 , 9m{^L + ^1b)^i b 

Rl + ^fb 
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which compares directly with 
that p is given by 


1 

nrz/?’ 


^fb 

Rfb + Rl 

When is very much greater than 
this may be written - 


the comparison showing 


as is frequently the case, 




1 


Rr 


II — /9, i.c., if the ampliticatiOn without fec'dback is consider- 

A 


1 


Rl 


fh 


able, then the gain is given bv —. i o. 

b b 'PR 

Hence a pentode valve with an anode load of 100,000 ohms and 
an unbiased cathode resistance of 1,000 ohms will have a gain of 

a])proxiniately ^ = 100 times. This is only trxie, however, 


provided— 

{«) that R^^ ^ 7?^. so that the statement A — f/„,7?£, is true, 
(A) that the amplification of the stage without feedback is 
considerably greater than with feedback so that gain is 

1 * 
given 1)V 

' P 

Tone control by current feedback is possible by shunting R^^ or 
Rl condensers as explained in the section on voltage feedback. 



The Cathode Follower. If, in the 
Rj = 0, so that the only load is R^^, 


preceding section, we put 
then we have that the 
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R 


gain = 1. Such an amplifier is known as a cathode follower, 

and in its basic form is shown in Fig. 145. It may be regarded as 
a transformer, having a ratio of shghtly less than unity, with 
a substantially infinite input impedance. Though on the face of 
it the cathode follower would appear to be an example of current 
negative feedback, in fact, since the output is taken from the cathode 
circuit instead of the anode circuit, it is an example of voltage 
feedback in which p = \. The output impedance is given by the 

expression proved above, namely, ^ where ^ = 1. 




Ra 


1 


9m 

If g^ = 2 raa/volt, then R^ 500 ohms. Clearly, since the 
maximum obtainable with a single small receiving-t 3 rpe valve 
is about 10 ma/volt, the output impedance must be greater, 
generally, than 100 ohms. 

Contrast Expansion.It was mentioned in the intro¬ 
duction to this book that in broadcasting and commercial recordings 
the volume-range of orchestral music has necessarily to be com¬ 
pressed. Some means of restoring the balance to this music is 
clearly desirable in reproducing apparatus. It is possible to restore 
the lost contrast by the use of a device with a non-linear current- 
voltage characteristic. A lamp with a metal filament fulfils this 
condition, for the resistance of a bulb increases roughly ten times as 
the temperature of the filament is increased to maximum. 



Fio. 


146.—Contrast Expansion obtained by Use of Metal Filament Bulb in 

Parallel with Speech Coil. 
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It is possible therefore to make a very simple contrast expander 
as shown in Fig. 146, which illustrates a conventional pentode output 
stage but includes a metal-filament lamp connected across the speech 
coil of the loudspeaker. Suppose the output valve is rated to 
supply 4 watts, and that the speech coil has a resistance of 5 ohms. 
Then the rms voltage generated across the speech coil is clearly 

given by \/PR — ^/^ ^ 4-5 volts. (P = output power in watts 
and R = speech coil resistance in ohms.) We must therefore 
choose a bulb which will light brilliantly on this voltage. On loud 
passages of music it will have its greatest resistance and on soft 
passages its resistance will be at a minimum. If the resistance 
varies from when cold to r* when hot, then the improvement 
in contrast is given by— 

improvement in contrast = 20 logio^*^"^ ^ decibels. 

U(R -f rj 

As ra = lOri the improvement using this system cannot exceed 
20 decibels and will normally be less. If r, = 2 ohms, r* = 20 ohms 
and R — 2*5 ohms, then substitution in the above result shows the 
improvement to be 6 decibels, which, though readily detectable, 
is hardly sufficient. 12 decibels is generally recommended as being 
most suitable for commercial recordings and broadcasts, though it 
should be mentioned here that recording companies and broad¬ 
casting concerns do not use any particular law in their volume 
compression which is usually achieved by manual control. 

A better system of expansion is that of the Crosley expander 
which uses two bulbs in a bridge circuit and can be adjusted to give 
any degree of expansion desired. Any expansion system using 
bulbs is, however, necessarily somewhat wasteful of power and at 
least 10 watts undistorted output is wanted for successful results. 
Better systems, using variable-mu valves, are available.'® 
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RF AMPLIFICATION, “ STRAIGHT ” 
RECEIVERS AND IF AMPLIFICATION 
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Generalized Selectivity Curve—Variable-mu Valves—Circuit Noise— 

Shot Effect—Analysis of “ Straight ” Throe-valve Two-band Battery- 
operated TRB' Receiver—IF Amplification—Selectivity Character¬ 
istic—Variable Selectivity—Bibliography 

Introduction. In af and vf amplification, discussed in the 
last chapter, the aim was to obtain substantially constant gain over 
a frequency range of which the maximum extreme (/max.) was many 
times the minimum extreme (/mm.)- example; in high-fidelity 

X- /max . 10,000 , „ 

AF amplification ^ — is —— = 200 and for vision frequency 
amplification the ratio - is 40,000. In rf amplification /max. 

Jmin. 

is very nearly equal toFor example, in a receiver tuned to 
a long-wave station of carrier frequency 180 kc/s we shall require 
the rf amplifier to amplify as equally as possible all the frequencies 
lying between 170 and 190 kc/s, the ideal response being as indicated 

in Fig. 50. For this example the bandwidth is — = 0-11 of/„,i„ . 

If the receiver is tuned to a short-wave station on 12 Mc/s, this ratio 
becomes 0-0016. For amplifying such small bandwidths it is 
possible to employ tuned circuits as inter-valve couplings. 

The Triode as an RF Amplifier. Possibly the simplest form 
of RF amplifier circuit is that given in Fig. 147, which shows two 
triodes connected by rc coupling networks. From the work done 
in Chapter VI we can say that the stage gain of the first valve in 
this amplifier is given by— 

A = — 

in which the assumptions are—^ 

(1) ^3^ ^ 1 , i.e., the shunting effect of on R^ is negligible, 

(^) ^3. i-G., the reactance of C is negligible in comparison 

with 
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(3) Z^ ^ jRi, i.e., the input impedance of Vz (consisting of Rg 
and X)g in parallel as shown in Chapter VI), should be 
very great compared with Ry, 

Of these conditions (1) and (2) can be satisfied easily, but (3) is 
difficult. As we have seen, the effective grid-cathode capacitance. 



Fio. 147.—Simplest Type of rf Amplifier using RO Coupling. 


Cg, 01 a triode can be as much as 100 ^ayuF, depending on the magni¬ 
tude and nature of its anode load. At 1,000 kc/s the reactance 
of a condenser of 100 capacitance is only 1,600 ohms, and 
hence must be less than this, since Rg and Gg are in parallel. 
To minimize harmonic distortion due to the ac shunting of R^ by Z^, 
Ry should, as pointed out earlier, preferably be one-tenth the value 
of the shunting impedance. Ry should then preferably be 160 ohms. 
For this value of anode load no triode can give worth-while amplifica¬ 
tion. If R^ is 20,000 ohms and fi is 50, the stage gain is only 0-80. 
At very low radio frequencies a better performance is possible. 
At 60 kc/s, for instance, Ry can be 5,000 ohms and a stage gain'of 
10 times is possible. The difficulties introduced by the presence 
of this low value of Z^ can be overcome to a limited extent by the 
use of EF pentodes or tetrodes, for which the value of Cg seldom 
exceeds 10 which means a correspondingly higher value of 

but a far better method is to use tuned circuits as inter-valve 
couplings, for Gg then becomes part of the capacitive branch of 
the tuned circuit and so has no harmful effects, other than that 

Q 

of reducing slightly the value of 

Consider Fig. 148, which shows two triodes with inter-valve 
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couplings composed of parallel tuned circuits, shunt fed from the 
anode circuit of the preceding valve which contains an impedance Z^. 
The first triode is fed from an aerial transformer. 



Fio. 148.—More Advanced rk Amplifier using Tuned Grid Couplings. 


The stage gain of 






A = 


l^z 

z + B 


where Z is the effective anode load of Fj, the addition in the 
denominator being vectorial. Z is composed of Zi, the dynamic 
impedance of the tuned circuit and the input impedance Z^ 

of F 3 , all in parallel. We can thus write— 


1 

Z 




1 

Lj(x)Q 



the addition being again vectorial. 


In this the reactance of C has been assumed negligible in comparison 
with the value of Z^. Now Z^ can be made to have any value we 
please. If we make it an rf choke with an inductance of 0-5 H, 
then its reactance will be so great compared with or Z^ that 

it may justifiably be neglected so that the effective anode load is 
given by Z in the expression— 

y _ Z^L^OiQ 

Z^ "b LztoQ 

The value of L^ojQ depends on the resonant frequency of the tuned 
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circuit, and varies from about 500,000 ohms for a circuit for use on 
long waves to 5,000 ohms for a short-wave tuned circuit. This is 
shunted, however, by the input impedance of Fg. If Z^ is 
predominantly capacitive in nature, i.e., if it is decided almost 
exclusively by the Miller effect, then the shunting effect is not 
serious. It merely causes a disturbance in the tumng of the 
circuit LgCa which can be corrected by resetting the condenser C^- 
Similar remarks apply if Z^ is predominantly inductive. Now if 
the resistive component of the valve input impedance is low, then 
its effect is to reduce the value of anode load of V i, and to reduce 
the stage gain accordingly. Suppose Zi = L^o^Q = 100,000 ohms 
and that the resistive component of the valve input impedance of 
F, is 20,000 ohms. Using the same values of and ft quoted 
earlier, the stage gain, neglecting is some 42 times and including 
is about 23 times. The reduction in gain caused by the resistive 
component of Z^ is more marked at higher frequencies and is less 
pronounced at lower frequencies. We find therefore that triodes 
are very seldom used for rf ampfification except at the lowest radio 
frequencies. For stable high gain rf amplification it is necessary 
to use valves with a high value of Z^^ which necessarily entails 

a low value of Cga’ 

Instability in RF Amplifiers. There is another objection to 
the use of triodes as rf amplifiers besides their low stage gain : it is 
the possibility of instability in the form of continuous oscillation 
due to positive feedback via the anode-grid capacitance. Instability 
occurs if the input resistance of the triode is negative ^nd is less 
than the dynamic resistance of the tuned circuit connected between 
anode and cathode. Assuming that the anode and grid tuned 
circuits are identical, the condition for amplification to be stable is' 


— Rg^ 


where = d 3 nnamic resistance of both tuned circuits. 

Now the minimum negative value of Rg is approximately given by 

2(i?r + K) 


R. = 




a 


as mentioned in Chapter VI, being the value of load resistance. 
If greatly exceeds the load resistance, then the minimum 
value of Rg is approximately given by— 
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The condition for stability is thus 

2 


> R. 


and since Rr = R 


V ga^d 


> R 


so that 




^df-'^^ga 


UnJ^d c(|ual to the stage gain of the valve. We can therefore 
say that the inaxirmim stage gain possible without instability from 

one valve with identical tuned circuits in anode and grid circuits 
is given by— 

2 

R.ojC 


oa 


Consider a triode in wliich C„„ = 5 ////F and let i?,, = 50,000 ohms. 
The ina.xinuini stage gain possible at 1,000 ko/s without instabihty 


r.(),000 X (i-28 X 10« X 5 “x 10 iunea, 

whicli, of course, means that the liigh value of renders the valve 
almost useless as an rf amplifier. For an rf pentode might be 
0 005 ////F, which, with the same values of co and R^, gives a maxi¬ 
mum stage gain without instability of 1,270 times. 

For two valves in cascade rf amplification, it can be shown that 
the maximum stable amplification per stage is given by_ 

1 


A =: 


R,iOjC 


oa 


and for three valves tlio value per stage becomes 

0-764 


A = 


R^ioC 


oa 


Neutralized or Neutrodyned RF Amplification. One way 

of achieving a small value of is by using a Wheatstone’s bridge 
type of circuit ns shown in Fig. 149 (a) and (b). In this circuit the 
anode gnd capacitance of the triode can be effectively balanced out 
by suitable adjustment of C„. Unfortunately, unless the coupling 
between A, and A, is very tight, this bridge circuit is only balanced 
at one frequency, which makes this arrangement unsuitable for use 
m receivers covering a wide range of frequency, for every adjustment 
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Fio. 149.—Neutrodyned Type of kf Am plifier and its Theoretical Equivalent. 

of the tuning control makes necessary a corresponding readjustment 
of the neutralizing condenser. For this reason this circuit was soon 
abandoned in receiving technique, but is stiU extensively employed 
in transmitters where, of course, the frequency is fixed. Further 
details of this circuit will be foimd in Chapter X. 

Tuned Anode and Tuned Grid RF Amplification. Another 
method of reducing Og^ is to use a valve such as an bf pentode or 
other screened valve. For these valves the value of Gga is roughly 
that of a triode and so R-g is some 1,000 times greater. Except 
at very high frequencies Itg for bf pentodes generally is so much 
greater than L^Q for average tuned circuits that its shunting 
effect may be neglected and the stage gain becomes 

E' fiLiOjQ 
^ ~Yg~ L^iOQ + K 

At medium wave frequencies, the of average bf pentodes being 
of the order of a megohm, is some ten times greater than average 
values of L^coQy so that this expression further simplifies to 

^ E' fiLiOyQ 

^-^Eg~ Ra 

In Fig. 150 (a), (6) and (c) typical circuits for bf ampMca- 
tion using bf pentodes are shown. Tuned anode coupling is us 
trated in Fig. 150 (a) and (6). In Fig. 150 (a) the grid leak must 
clearly be very great in comparison with EzCoQ (a usual va ue is 
1 megohm) and C must be such that its reactance is negligib e com 
pared with R ^ at the frequency used. Fig. 150 (6) is a better 
version of tuned anode coupling, for it permits the moving vanes o 
the tuning condenser to be earthed ; for this circuit the reactance 
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Fia. 150.—Typos of rf Coupling. 

Tunod nnodo is given nt (a) on<l (ft) and timed grid ot (c). Tho theoroticftl equivalent for 

all typos is given at (d). 


of C is required to be very small at the frequency used. There is no 
limit to its capacitance ; it is there simply to avoid a direct short- 
circuit of the high-tension supply. Fig. 150 (c) illustrates tuned 
grid coupling ; the function of all the components here has already 
been discussed. 


Tho electrical equivalent of all these circuits may be drawn as in 
Fig. 150 (d), in which the concept of the constant current generator 
has been used. This idea is useful inasmuch as it sho^vs that the 
tuned circuit is effectively shunted by the anode impedance of the 
valve preceding it. The current divides between the two 

parallel branches and the fraction of it which flows through the 
tuned circuit is given by— 




R 


a 


+ R. 


E' = g,.E 


RaR, 


"Ra + R, 


so th&t" 
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which gives— 

,_E'_ g„R^ 

*' -I 

R 

If we neglect in comparison with unity, equivalent to neglecting 

"a 

in comparison with then we obtain the simple result given 
previously— 

A = QmRd = gmL<oQ. 

Suppose we evaluate some typical stage gains from this expression 
to obtain some insight into the order of amplification realized by 
these circuits. A typical mains rf pentode has = 2*0 ma/volt, 
and a medium-wave tuning inductance has L = 157 //H. Let 
Q ~ 100 and consider a frequency of 1,000 kc/s for which 
o> = 6-284 X 10®. Substituting these values in the above expression 
we get— 

^ = 9m^d 

= 2x10“® X 157 X 10"® X 6-284 X 10® X 100 
= 197. 

In a so-called all-wave receiver the short wave inductances are 
usually about 1-41 for this value enables the frequency range of 
6-0-18 Mc/s (17-60 metres) to be covered using a standard tuning 
condenser of 500 fifiF maximum capacitance. Such an inductance 
probably has a Q value of 50 at 9 Mc/s, so that the gain of an bf 
stage using such a coil and a normal bf pentode will be 

= 9m^d 


= grr^LcoQ 

= 2 X 10“® X 1-41 X 10'® 


X 9 X 6-284 X 10® X 60 


= 8 approximately. 

In actual practice the gain will be somewhat less than this for at 
frequencies such as these the input resistance Rg of an BF pentode 
is appreciable compared with the dynamic resistance of the tuned 

circuit. 

Selectivity of Tuned Grid and Tuned Anode Couplings. 

Neglecting LojQ in comparison with R^ gives the stage gain of a 
anode or tuned grid, bf amplifier as ^ ^ have seen. ore 


accurately the stage gain is given by 
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Comparison of these two results shows that the effective Q or 
selectivity of the tuned circuit is given by— 

effective selectivity __ effective Q 1 1 


maximum selectivity maximum Q 


-I 


1 + 


Lo)Q' 


Suppose, as a numerical example, we take Q = 50, L = 167 /zH and 

w = 6-284 X 10® (for/= 1,000 kc/s), values typical of a medium-wave 

tuned circuit. Assuming to be 1 megohm, we have— 

effective selectivity 1 

maximum selectivity ” 1 049 ~ ^ cent., 

which shows that the shunting effect of the anode impedance of the 
previous valve is not serious. 


RF Transformer Coupling. A commonly used rf coupling 
is that of the rf transformer. An analysis of it as used for aerial 
coupling purposes was given in Chapter IV. An rf transformer, with 
an aperiodic primary, is illustrated in Fig, 151 (a), the electrical 
equivalent being given in Fig. 151 (6). It is instructive to analyse 
this circuit from the point of view of matching. We saw, in 
Chapter IV, that for maximum transfer of power from a source of 
internal resistance R, to a load of resistance R^. the two should be 
connected by a transformer with primary and secondary inductances 
Li and L^, respectively, where— 




fia. 151.—RF Transformer Coupling and 


its Thoorotical Equivalent. 
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At audio-frequencies where the low losses permit the use of an iron 
core in transformers, the inductances are proportional to the squares 
of the number of turns so that the above relationship may be 
alternatively expressed— 

Ri /tiA 2 


where Ui and are the number of turns on primary and secondary, 
respectively. This agrees with the work in Chapter VII on matching 
output valves to loudspeakers. Here in rf work we have to remem¬ 
ber that coefficients of coupling between the primary and secondary 
of a transformer may often be less than unity—indeed, as we shall 
see, it is often very advisable to make them so. The matching law 
for RF transformers—or any other transformer where the coefficient 
of coupling between the windings is not unity—may be expressed— 

Lz 

where is associated with the smaller of the two windings. 

Now, if we neglect which is small compared with Fig. 
151 (6) becomes an example of matching a source of power of internal 
resistance to a load of dynamic resistance R^. Applying the 
matching law, therefore, we have for maximum power in the 
secondary circuit— 

_ Ra 

Ls Ra 

Now as the resistance in the secondary circuit is fixed at a given 

frequency this is also the condition for maximum voltage across 

the secondary circuit. 

2^ 2 

Since R^ = —^— this condition may be written— 


k^ = 


which gives 


' Lg(o 


in which 


We can also say 


giving- 


Q _ 

R 


Q.Q. 


and — 


( 1 ) 




k^LpL^oj^ == R^Rg 


MW = R^R^ 


( 2 ) 


1 
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If matching is perfect, then the resistance reflected into the secondary 

circuit from the primary, „ , is, from equation (2), clearly equal 

to i?,. The effective Q of the secondary circuit is, in these con¬ 
ditions, given by— 



In words, this means that the selectivity of the secondary circuit 
is halved, which is hardly a desirable state of affairs in an RF trans¬ 
former. It is interesting to note at this point that this result is a 
perfectly general one. Whenever perfect matching is achieved in an 
RF circuit the effective selectivity of the arrangement is always 
halved. Better selectivity and worthwhile gain can be achieved 
by reducing the coupling between primary and secondary. The 



Fjo. ir)2. -VoUnpo AniplUicfttion and Scloctivity exprofwod in Terms of tho Degree 

of Coupling botwoon Two CoiU. 

dependence of gain and selectivity on the degree of coupling between 
two tuned circuits is very well illustrated in some c\irves reproduced 
in Fig. 152 from an article by Rced.^ From these see that making 
k equal to half its optimum value, i.e., its value for perfect matching 
or maximum voltage transfer, gives SO per cent, of the maximum 
voltage transfer and the same percentage of the maximum possible 
selectivity, which represent-s an excellent compromise. It is this 
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compromise which is aimed at in all aerial coupling circuits where 
the voltage gain is limited by the Q value of the coil used. Here in 
RF amplifiers there is no lack of gain and we prefer to have as much 
selectivity as we can get. The type of compromise wanted here is 
the one which combines, say. 95 per cent, of maximum possible 
selectivity with, say, 40 per cent, of maximum possible gain. From 
Reed’s curves we can see that these values are obtained with h equal 
to one-sixth of its optimum value. Having decided upon this, we 
can now evaluate the inductance of the primary coil to be used in an 
RF inter-valve transformer. 

Let us consider the case when L = 157 //H, Q = 50. 
a> = 6-284 X 10® and = 1 megohm. Taking k as unity, we have, 
by rearrangement of the above equations— 

L - 
P k^<oQ 

10° H 
6-284.10® X 50 


= 3,180 fiK. 

% 

This is the condition for maximum voltage transfer. To obtain 
the desired compromise between gain and selectivity we need to 
make k equal to one-sixth, keeping the primary inductance at this 
value, or else—and this is far easier to do and has exactly the same 
effect—keep k at unity and make Lp equal to one-thirty-sixth of 
3,180 /LtH., i.e., 88 //H. This is what is usually done in practice ; the 
primary winding is roughly two-thirds of the number of secondary 
turns and is wound directly on top of the secondary, usually over the 
earthy end, to reduce the physical capacitance between primary and 
secondary windings, which provides coupling between the circuits 
which is additional to that due to the mutual inductance. 

We can evaluate the actual gain given by the rf transformer in 
the usual way by use of Kirchhoff’s laws. Applying these to the 
circuit of Fig. 151 (6), we have— 

(xEg = + 30 iLp) — joyMii . . . (3) 


0 = + joiLgii -h 




—• jcoMii 



We are concerned only with conditions in the circuit when the 
secondary circuit is resonant at the applied frequency, i.e., when— 






R 


1 
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Equation (4) then gives us 


I, = 


jwM . 


• 11 • 


Substituting for in (3) 


/iEg = + 


M 


8 


Neglecting coLjy in comparison with R^^ we have 


It = 


/lE, 


+ 


M^CO 


R 


8 


Now the output voltage E' is given by 


E' = 


jo)C 


= — joyL^ii = 


S 


MLgOj^ . 


Hence the stage gain is given by 

// M L/o ^ 

. E' 1{7~ 




RJi, 


R 


8 


(5) 


which is a maximum when M^co^ = ^ already deduced by the 

matching theorem. Substituting this value in (5) gives the maxi¬ 
mum gain as— 

A 


max. 




If, as already explained, M is made very much smaller than optimum 
in order to increase selectivity, then —— will be negligible compared 


R 


S 


with Rf^ and (5) then becomes — 


A = = !7.Mo;(3„ 

-^ 41^8 


which is tlie same expression as deduced for tuned grid and tuned 
anode coupling with the exception that jM is substituted for L^. 

Generalized Selectivity Curve. Having decided how to 
obtain practically almost the whole of the inlierent selectivity 
available in a particular tuned circuit, w'e must now decide pre¬ 
cisely what a particular value of Q means in terms of sideband 
cutting or frequency distortion. Consider a series resonant circuit 
comprising inductance L, capacitance C and resistance R connected 
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across a source of ac of emf E volts. In general the current 
flowing through the circuit, /, is given by— 

E 


I = 


R + j( Lo) 


--V 

(oC) 


and if the circuit resonates at the frequency of the applied emf 

E 


current at resonance = /^ = 

It 


We have thus 




R 


R + 


- ai) 


R 


R + jLioi 1 — 


1 


1 


(D 


^LC 


1 +7 


_ coo^ \ 
R \ (jj^) 


where co = 2^1 x frequency of applied emf 

and coo = 271 x resonant frequency of the tuned circuit, LC, 

We have thus— 

^R 



1 H" Q 



r 


since 


e and 

R f (o 


Let the difierence between the frequency of the applied emf and the 
resonant frequency of the tuned circuit be Zl/©, i.e., 

/ = /o i ^/o* 


From this— 
so that, if zJ/o <^/, 


as 4^5 is very small. 
Jo 

Hence 


/o fo 

/o _ . -J- -d/o 
/ /o’ 


p 


= 1 T 


2zl/< 

/. 
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and therefore— 

Let— 

Then— 
so that— 



In words, this means that the Q value of a tuned circuit is given by 
the quotient of its resonant frequency and the difference in frequency 
between the two points at which its response curve is 3 decibels 
down. This forms the basis of a convenient method of measuring 
Q values experimentally. 

From the expression— 



we can plot a curve of y- against —— , and the response curve so 

JO 

obtained will be a perfectly general one applicable to all coils, no 
matter what their inductance, Q value or resonant frequency. This 


curve is given in Fig. 153. Though evaluated for a series tuned 
circuit this curve applies equally well to parallel resonance provided 


that the ordinates be taken to represent 

impedance at off-tune frequency 
impedance at resonance 



instead of 



From this curve we can determine the performance of any tuned 
circuit with respect to the frequency distortion wliich it will give in 
Use. Consider, for example, a circuit with a Q value of 100, resonant 
at 1,000 kc/s. Its response, from Fig. 153, is 3 decibels down at 
6 kc/s off tune, 7 decibels at 10 kc/s and 10 decibels at 20 kc/s. 
One such circuit would therefore not give suiffcient rejection to a 
carrier 9 kc/s away from its resonant frequency to prevent inter¬ 
ference, Two such circuits, one preceding and the other following 
an RF valve (as in a “ straight set), would give a better performance 
as the attenuation expressed in decibels at a given frequency off-tune 
would be double that of a single circuit. It is easy to see that by 
increasing the number of tuned circuits used, the adjacent channel 
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rejection is increased at the expense of the audio-frequency fidelity. 
In order to achieve reasonable quality of reproduction together 
with great adjacent channel selectivity it is necessary to obtain 
a flat-topped, steep-sided curve similar to the ideal rectangular one 
drawn in Fig. 50. The most convenient way of obtaining such 
a response is by the use of band pass filters, e.g., by using the coils 
in pairs, each pair having a common impedance. Some information 
relating to such filters was given in Chapter IV and there it was 
pointed out that they are best used in circuits where there is no 


0 



Fig. 153.—Generalized Selectivity Ctirve for a Single Tuned Circuit. 

variation in tuning. They are thus ideally suited for use in if 
amplifiers and further details about their use in that connection 
will be given later in this chapter. 

It is possible to use a band pass filter arrangement in an rf tuner 
by using a coupling impedance comprising inductance and capaci¬ 
tance, By suitable choice of the coupling components it is possible 
to maintain a reasonably constant peak separation over the whole 
waveband, and some of the “ straight ” receivers used to-day 
embody such a circuit. The superheterodyne type of receiver, 
however, offers by far the best means of obtaining great adjacent 
channel selectivity together with reasonable quality. 
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Variable-mu Valves, rf amplifiers may be called upon to 
amplify a weak signal sufficiently for it to be effectively demodulated 
at the detector stage, or else they may be required to handle a very 
strong signal as when the receiver in which they are incorporated is 
tuned to a local station. Now rf valves, whether tetrodes or 
pentodes, have an amplification factor of several thousands and their 
grid base is acc-rdingly limited. The application of a large signal 
to such a valve would produce severe distortion and probably some 
rectification due to the non-linearity of the characteristic for large 
grid Savings. Years ago this difficulty was overcome by the use of 
an aerial potentiometer, by means of which the signal from local 
stations was reduced to an amplitude small enough for the signal 
to bo safely applied to the rf valve, but modem radio technique 
makes use of “ variable-mu ” valves to overcome this difficulty. 
It was explained earlier that the magnification factor of a valve is 
a function of the grid geometry. By winding a grid with a pitch 
which varies along its length it is possible to produce a valve with 
an /„ — characteristic in which the mutual conductance varies 
with the grid bias. The application of a small negative bias to the 
grid of 8\ich a valve suppresses the anode current completely at 
those parts of the valve where the grid pitch is small but a very 
great negative potential is necessary to suppress completely the 
anode current where the pitch is great. Such valves can therefore 
accept very large grid swings without introducing distortion if they 
are biased well back, but they can also amplify as well as the non- 
variable-mxi or “ straight ” rf valves for small signals by reducing 
the bias to a small value. Such valves make the best kind of volume 
control possible, for both signal handling capacity and amplification 
can be controlled by appropriate adjustment of grid bias. These 
valves are extensively used in modern receivers, the bias being 
controlled manually by means.of a potentiometer in “straight’* 
sets and from the avo line in superhets. In Fig. 154 the — Eg 
characteristics of typical “ straight ’’ and variable-mu valves are 
given, and also a circuit of an rf stage of a “ straight ’’ receiver, 
showing one potentiometer method of controlling the bias. 

Limits to RF Amplification. It w'ould seem possible, by 
using RF valves and tuned circuits alternately, to develop enormous 
amplification, but it is found in practice that txvo factors tend to 
limit the amount of gain xvhich can usefully be obtained. 

In the section on rf amplification using triodes the evil effect-s of 
regeneration via the grid-anode capacitance xvero mentioned, and we 
saw that it was the attempt to eliminate this capacitance wffiich led 
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•'iG. 154.— la—Eg Curves for a “Straight” rf Pentode (full curve) and a Variable- 
mu RF Pentode (dotted curve) are given at (a) and a Typical Aerial Coupling 
Circuit using a Variable-mu rf Pentode is shown at (6). 


to the development of the rf tetrode and pentode valves. If any 
capacitance is present internally or externally between the anode 
of an RF valve and its grid or any wire or component at rf potential 
earlier in the amplifying chain, then instability is likely to occur and 
the amount of gain will have to be reduced to overcome this. The 
maximum amplification possible without instability from a single 
stage of RF amplification is, as we have seen, given by— 

_ 2 

where Cg^ is the total effective anode-grid capacitance (including 

sources external to the valve). 

and is the dynamic resistance of the coils used in the anode 

and grid circuits of the amplifier. These two are 
assumed identical. 

For two stages of rf amplification this formula for the maximum 
gain per stage is reduced by altering the numerator to 1, and for 
three stages the numerator is 0-764. In practice it is rare to find 
three stages of rf amplification : domestic receivers seldom have 
more than one and for communications type receivers two are usual. 

Circuit Noise.2 In any conductor the electrons are in constant 
movement: their motion is purely at random so that over long 
periods of time no part of the conductor gains or loses any electrons, 
i.e., there is no resultant potential gradient in the conductor. Over 
small periods of time, however, parts of the conductor do have 
momentary surfeits or deficits of electrons, and the result of this is 
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that any conductor does give rise to small voltages. Just how large 
these are can be assessed by use of Nyquist’s formula— 

= 4kTRAfo, 

where E = kms voltage due to the random movement of 

electrons, 

Ic = Boltzman’s constant = 1*374 x 10“^® joules per 
degree absolute, 

T = temperature in degrees absolute, 

R = value of resistance in ohms, 
and Afo = bandwidth. 

For a typical practical example, suppose we put T == 290 (equivalent 
to 17° C., average room temperature), R = 100,000 ohms (dynamic 
resistance of average medium wave circuit), Afo =10 kc/s (roughly 
equal to the bandwidth of an average receiver). These give, on 
substitution in Nyqoist’s formula— 

E = 1*25 X lO'ioVlOs"^ 10*’ = 3*95 fN. 

For tolerable results a signal to noise ratio of at least 10 decibels is 
necessary in the output froma receiver, so that the smallest signal 
which gives tolerable results is given by— 

3-95 X VTO = 3-95 X 3* 162 = 12-5 fxV. 

There are, in addition to this, other sources of noise, notably static 
and shot effect in valves, whicli tend to limit tlie useful sensitivity 
even more. In practice, communication receivers frequently have 
an absolute sensitivity of 1 /iV (i.o., an input of this value modulated 
30 per cent, at 400 c/s gives an output of 60 mW). 

Shot Effect in Valves. A somewhat similar effect to the 
resistance noise just mentioned is “ shot effect in valves, which 
causes a hiss due to the random numbers of electrons that arrive at 
the anode of a valve during successive equal intervals of time. The 
numerical effect of this may be assessed by the following formula— 

E =ZI = 6-63 X J„*(^/o)*.F X 10-* X Z fiV, 

in which Z = the load impedance of the valve, 

I = anode current at any instant of time (rms), 

= mean anode current (rms), 

^fo = bandwidth, 

and F ~ a reduction factor, the value of which depends on 

the construction and method of operation of the 
valve. F = 0'6 for straight rf pentodes and 
F = 1 for saturated diodes. 
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A “ Straight ” Battery-operated Receiver. We have now 
examined the three operations necessary in “ straight ” receivers, 
KF amplification, detection and af amplification, and so a typical 
circuit diagram of a complete set may now be considered. Fig. 155 
illustrates a twb-waveband three-valve battery-operated receiver of 
the type known as trf.* It has an initial stage of rf amplification 
using a 2-volt variable-mu rf pentode, which is coupled by an rf 
transformer to a triode leaky-grid detector with reaction. This is 
followed by a parallel-fed af transformer feeding an output tetrode 
valve which drives the moving-coil loudspeaker. It is convenient 



Fio. 156.-*—Typical Circuit Diagrani of 3-valve 2-bancl Battery-operated 

TRF Receiver. 


when analysing any receiver performance to begin with a considera¬ 
tion of the output stage. In this receiver the moving-coil loud¬ 
speaker is operated by a 2-volt output tetrode. With 120 volts on 
the anode and second grid such a valve will probably deliver an un¬ 
distorted output of abou^ 300 mW to the loudspeaker, and it will 
probably require a grid bias of — 3 volts. This is obtained from the 
bias resistor through which the entire ht current of the receiver, 
about 9 ma., passes. From Ohm’s law it is evident that Bq should 
be 330 ohms. B^ is an additional resistor of 700 ohms, so that the 

* Tuned Radio Frequency. 
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total voltage drop across i?6 + i ?7 is 9 volts, the maximum bias 
required by the variable-mu rf pentode, Vi. is a potentiometer 
controlling the bias applied to Vx and hence the output volume of 
the receiver. It is clear that the automatic bias resistors i?e and 
Rx carry, in addition to the do mentioned, various alternating com¬ 
ponents at audio- and radio-frequencies so that some decoupling is 
necessary here to prevent feedback and possible instability. This 
is done by the condenser which is an electrolytic component 
of some 50 //F capacitance. Its reactance at the lowest frequency 
likely to be found among the alternating components is considerably 
less than i?# -{- Rt. is ^ condenser of 0-005 //F capacitance 

and its function is to limit the rise in impedance of the anode load 
of Fj at high audio-frequencies. 

Fg requires a peak signal of 3 volts applied to its grid to give 
maximum output. This is supplied by the inter-valve transformer 
Ti, which we will assume has a ratio of 1 : 3, so that a peak signal 
of 1 volt applied to its primary will fully load the output valve. If 
the detector. Fa, gives an audio-frequency gain of 20 times, a likely 
figure, then the audio-frequency peak signal on its grid is clearly 
0-05 volts. For an approximate result we will assume that detection 
efficiency is 100 per cent, and the average modulation depth 33-3 per 
cent., i.e., one-third. Then the modulated rf carrier amplitude at the 
grid of the detector for maximum output of the receiver is 0-15 volts. 
In assessing the voltage gain of the rf stage we will at first neglect 
the effect of reaction. Neglecting the reaction windings, and Lio. 
the RF inter-valve transformer consists of four inductances, of which 
only and Lx are in use on the medium waveband, 550-1,500 kc/s. 
The iulditional coils, and Lg, which make the total tuning induct¬ 
ance up to a value suitable for long-wave reception, are shorted out 
by the switches *5^3 and respectively, when the receiver is used for 
medium-wave reception. If the tuning condenser is of 500 /^/^F 
maximum capacitance, then L, = 157 /iH and Lg = 2,000 /xH 
approximately. and Lg are chosen in accordance ^vith the theory 
given above, suitable values for a selectivity factor of 95 per cent, 
being 100 /xH and 1,300 /xH, respectively. This is for perfect 
coupling between primary and secondary windings for both wave¬ 
bands. In order to calculate the voltage gain of the rf stage in the 
absence of reaction one may proceed thus. The value of mutual 
inductance between L^ and Z/, is given by— 

M =VL~Lx = ^157 X 10-« ^T00l<T0-« H = 125/xH. 

We will now assume that the Q of L-, is 100 and that the maximum 
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mutual conductance of Vi is 1*2 raa/volt. The voltage gain is then 
given by— 

A = ^ 

= 1-2 X 10-2 X 125 X 10“® X 6 X 10® X 100 
= 90. 


This calculation was performed for a frequency of 1,000 kc/s. A 
similar calculation made for the long-wave performance will show 
that the value of M in this case is 1,600 juH and that the voltage gain 
at 200 kc/s is 115, the Q of Lg being assumed equal to 50. 

The signal amplitude required at the grid of Vi for maximum 


output is then 


015 

uK 


0-15 

~W 


volts = 1-65 mV on medium waves and 


volts = 1-3 mV on long waves, though it will be realized that 


these values will vary over these wavebands as the tuning is altered, 
as explained in Chapter IV. Now the voltage gain of the aerial 
transformer is not likely to exceed 10 if this is designed to give 
a good performance with respect to selectivity, and so the signal 

the aerial for maximum output is about 
150 fiV. The use of reaction will reduce this value somewhat, 
although it is xisually found in receivers such as this that the effect 
of the reaction control on sensitivity is by no means so great as in 
simpler sets ; in fact, the chief reason for the inclusion of reaction in 
a receiver of this type is for its beneficial effects on selectivity. In 
any case the sensitivity of this receiver is sufficient for the worth¬ 
while reception in the United Kingdom of the stronger continental 
stations. 

It should be noted that the switches (Si . . . (S'^ all close together 
for medium-wave reception. In practice they will probably be 
ganged together and with the on-off switch Sg, so that the control 
knob win have three positions, namely, off, medium-wave and long¬ 
wave reception. Some manufacturers combine on-off switches with 
the volume control potentiometer so that the switch is automatically 
operated when the volume is turned to minimum, but this practice 
is to be deprecated for it gives the carbon track of the volume 
control a considerable amount of unnecessary wear and may hence 
cause premature failure of the component. The decoupling net¬ 
work i^iCi is provided to enable bias to be applied to the grid of 
Vi and to prevent bf currents straying into the ap sections of the 
receiver. is often 1 megohm and Ci about 0-1 /zF, so that the 
condition for satisfactory operation Ri ^ wCi is obeyed even at 
the lowest radio-frequencies received. In this receiver, as in all 


which must be deUvered by 
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modern types, the two tuning condensers (7* and are ganged 
together. To simulate the capacitance reflected into the secondary 
of the aerial transformer from the primary circuit the small 
trimmer Ce of 5-30 capacitance is included in parallel with 
Cfi. It is adjusted to bring the two tuning circuits into align¬ 
ment as far as possible at all settings of the tuning control. The 
circuit of this receiver, which is an up-to-date version of a very old 
type, uses no dry cells for grid-bias purposes and no tappings other 
than the necessary positive and negative leads to the ht battery. 
The screen voltage (60 volts) for the rf pentode is obtained from the 
120-volt line via the resistor which is usually between 50,000 and 
100,000 ohms. A potential divider is not used here, for the extra 
high tension drain which it would necessitate is considered un¬ 
economical in battery receivers, where current is apt to be very 
expensive : moreover, an additional on-off switch would be necessary 
to break the ht connection when the receiver is switched off. 

The overall fidelity of this receiver depends principally on the 
frequency characteristic of 7^, and the frequency distortion intro¬ 
duced by the two tuned circuits. Without reaction the Q of the 
medium-wave inter-valve circuit will be 95 and that of the aerial 
coil may be assumed as 70. At 1,000 kc/s the loss of these at 5 kc/s 
off tune is .3 decibels and 2 decibels, respectively, from Fig. 153, 
giving a total loss of 5 decibels, which is hardly noticeable. It 
is, however, a comparatively simple matter to restore some of the 
lost top in 7'i. The output valve is certain to emphasize the 
upper frequencies somewhat (unless Ci, is made too large) so that 
the overall response is not likely to be so bad as this calculation 
suggests. 

Mains-operated TRF Receivers. The chief differences be¬ 
tween an AC mains receiver and its battery counterpart are that in 
the former indirectly heated valves are employed, each with its 
individual automatic bias system, and that ht is supplied by a 
rectifying valve and smoothing circuit as described in Chapter VI. 
The exact details will be made clearer in the next chapter where the 

complete circuit diagram of an ao mains-operated superhet will be 
given. 

DO mains receivers use valves \Wth high voltage heaters connected 
in series and energized from the mains via a suitable voltage¬ 
dropping resistance, ht being supplied direct from the mains through 
a smoothing circuit. 

AO-DC sets employ a similar technique but include a single-diode 
half-wave rectifier which is used for its proper purpose when the set 
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operates from AC mains. On nc mains the rectifier behaves as a 
resistance, thereby contributing somewhat to the smoothing. 

IF Amplification. In superheterodyne receivers, as we saw in 
Chapter I, the signal intercepted by the initial circuits is heterodyned 
by an oscillator operating at a higher frequency and the resulting 
beat note is amplified by a fixed-tuned rf amplifier, known as the 
IF amplifier. As the tuning is fixed in this amplifier it may be made 
as complicated as we wish without introducing additional controls. 
The performance of a superhet receiver with respect to gain and 
selectivity depends very largely on the characteristics of the if 
amplifier, the rf circuits having little effect. The if amplifier, 



Fig. 166.—Typical Circuit for an if Stage (a) and its Theoretical Equivalent (6). 

therefore, should combine high gain with good selectivity and should, 
if possible, have a square-topped response curve. It is found, for 
domestic superhets, that two two-element band-pass filters and 
a single rf pentode give an adequate performance, but for larger 
sets, and, in particular, communications type receivers, two valves 
and three twe-seotion band-pass filters are usual. 

Most IF transformers consist of two identical windings, tuned by 
parallel capacitances to the intermediate frequency and coupled by 
means of the mutual inductance existing between them as sho^vn in 
Fig. 156. Let us analyse this circuit with the aid of Kirchhoff’s 
laws, paying particular attention to the three factors in which 
we are interested, namely, the voltage gain, selectivity factor and 

pass-band. 
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Applying Kirchhoff’s laws to the circuit of Fig. 156 (6) we have 


0 = i,R, + jwL,i, + ^ ^ - jioMi, 

)coCi 7a>C, 

0 = — jo^Mix 


jfoCt 


(1) 


( 2 ) 


(3) 


From (1) 




tn = 


jcoC, 


+ 7 


1 


^ 7<oc) 


jojCi 


as T 


1 


jo^C\ ^ 

Substituting for in (2) and remembering that, as the primary 
circuit is resonant at the frequency of the applied emf, then 

jcoLi 4- T-~ = 0, we have— 

jioCi 


» - - f J aK + ,A) - 


Rearranging 


— {.(Ji _^_\ _ j 

j(oCi \ ' (o^Ci^rJ 


jcoMit 


(4) 


which shows that the shunting effect of R^^ is equivalent to the 
introduction into the closed primary circuit of a small series resistance 

of value 0/1 ^r, • It also shows that the effective emf acting in the 

(O'O I 

0 E 

closed primary circuit duo to the valve is a result which 

j(oCi 

can be obtained at once if the valve is regarded as a generator 
of constant current equal to 

From (3) since— 

1 


jcoLj 4- T-— = 0. 
jcoCi 


t. r= 


R 


2 


Substituting for t| in (4)- 


j(oM 


.1 


jcoC\ ^ 
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Rearranging 


9mEaM 


= 


C. 


-^1 + 


CO 






k) 




Hence the overall voltage gain ^ is given by- 

^0 




2 


a>Cfi 


E. jcoC,E, 


-^21 -^1 + 




(5) 




which is clearly a maximum when 






Af^co^, 


or, if we remember that the secondary circuit is shunted in a similar 
manner to the primary by the input resistance, Rg, of the valve 
following it, we have that the condition for maximum voltage gain 
is given by— 

The coefficient of coupling, k, between primary and secondary for 
maximum voltage gain, i.e., the optimum coupling, is thus 
given by— 

-^1 + Rt + 




oy^C.^Ra 




Lioy 

. X- _ 

• • ^opt. — 


L^oy 


where 


VQrQ 


Qr = 


Lioy 


Rx + 


1 


and Qi = 


L 2 C 0 


oy^Ci^R, 


Ri + 


co^C.^R. 


These are the Q values for the primary and secondary inductances 
which obtain in practice. In a typical if transformer Qi and Q 2 will- 
probably have values of about 70 which gives the value of k for 
optimum performance as regards voltage gain as 0'014. 

Numerically the value of the optimum v< Itage gain is obtained by 


substituting AfW for R^^Rx 


+ 




in (5). This gives 
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A _ 




as 


C, = 


1 


c. = 


1 


OmM 

<oCiCz 

2k 

and M — kVL^Lz. 


(6) 




max. 


■' oj^Lz 

In this Li has been assumed equal to and Ci to C^, which generally 
applies in practice. To obtain an estimate of the maximum gain 
likely to be obtained in a practical if transformer let us assume the 
following— 

= 2-0 ma/volt = 2 x 10“ 

CO = 3 X 10® (roughly equivalent to 465 kc/s, a common value 
for an intermediate frequency), 

Li — Lz = 800 //H =: 800 x 10“® (this is a likely value for an 
IF transformer working at 465 kc/s, the tuning condenser 
having a maximum capacitance of 100 
k — 0-01 (as seen above, this is of the order to be expected). 

Substituting these values in (6) gives the result— 

2 X 10-3 X 3 X 10® X 800 X 10-® 

2“x To^^a 

= 240. 

Selectivity Characteristic. As in the case of the aerial 
coupling circuit, we ^vill define the selectivity factor as the ratio of 
the effective to maximum Q values thus— 

selectivity factor = effective selectivity _ effective Q 

maximum selectivity maximum Q 

Now maximum Q for the primary winding is given by the expression 
and effective Q is given by — the rf resistance of the 

coil being increased by the amount 
secondary. We thus have— 

selectivity factor = 


(O 




R 


2 


L,o} 


by the coupling to the. 




Rx + 


ff, + 


LiU) 

“ST 

R. 

k^L, 


“£0» 


Rx 
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since, if the windings are identical, and i?i = R^. Putting 

k equal to its optimum value 




Ltoj 


we have 


selectivity factor = 




Ri 


= 50 per cent. 


JR 

Suppose we make k half its optimum value, i.e. = ^—, then— 

i? 4 

selectivity factor ==-= _ = 80 per cent., 

*.+T ° 

and if this value of k is substituted in expression (5) it will immedi¬ 
ately be seen that the voltage gain is also 80 per cent, of the maximum 
possible. These results are all ex¬ 
hibited very clearly in Fig. 152, 
from which it is seen that when k 
is equal to half k ^^^^, then the 
resulting compromise between volt¬ 
age gain and selectivity is by far 
the best that it is possible to obtain 

simply by choice of k. Unfortun- . , ^ 

Qf^l„ +u • i. 1 - • i. i. i. Fio. 157.—Two identical Toned Cir- 

ateiy there is another pomt to be ^uits coupled by their Mutual 
considered, namely, the bandwidth inductance, 
accepted by the filter. We can 

obtain some information about this by another application of 
Kirchhoff’s laws. Consider Fig. 157, which simply represents two 
identical timed circuits coupled by their mutual inductance. Apply¬ 
ing Kirchhoff’s laws to this we have— 



0 = iiR -h jcoLii -f 

« 

0 = i^R + ja)Li^ + - jMwH 

jMcoil 


and 


From (8) 


(7) 


• ( 8 ) 


t* = 


^R +j<oL 


+ 



Substituting for ta in (7) we have 


0 ^ i,^R jojL ^ + 


U- 




R + jojL + T 


j(oC 
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If we neglect J? in comparison withjwL 4- this gives 


" - 0'“^ + i) + /- 


M^co 


By rearrangement we have 




+fci + ■)- 


= 0; 


therefore 


MW - LW - -i- + = 0, 

(OW ^ C 

which gives us a quartic equation in co thus— 

(jJ/2 - L^)CW 4- 2LC(o^ -1=0. 
Solving this as a quadratic in we obtain— 


= 


_ - 2LC ± VUjW 4- 4(Af2 _ L^)C^ 


2 ( 3/2 - L^)C^ 
_ - 2LC ± 2MC 

2(3/2 — L2)C2 
_ 1 
“ C(L ±M)' 

The values of m are therefore given by— 

1 


a> = — 


v^C(L±M) 
_\ 1 
V^LC' V\ ± k 


since 3/ = kL 


= ”,- where coo = pulsatance of each circuit 

VI ±k 

in absence of tlie other. 

We can therefore say that the circuit analysed has two resonant 
frequencies, /j and /j, defined by the relationships— 



fo 

Vi ^ k 


and /j 




where/o is the resonant frequency of each circuit in the absence of 
the other. 


Tlius two circuits coupled by their mutual inductance as described 
have two resonant frequencies, and the response curve has accord¬ 
ingly two jx'aks with a trough betw'cen them. This response curve 
can be made into a very good apinoximation to the ideal one given 
in Fig. 50, by appropriate adjustment of the circuit constants, as 
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will be shown. If k is very small, then /x and /a are very nearly 
equal and the response curve will show only a single peak. This 
occurs for values of k equal to or less than as illustrated in 
Fig. 158, which has been drawn approximately to scale for a*', if 
transformer resonant at 500 kc/s, i.e., the resonant frequency of 
both primary and secondary circuits is 500 kc/s in the absence of 



kc/s off tune 

Fio. 168.—Response Curves for rr Transformer with Varioas Degrees of Coupling. 

coupling to the other. The Q of each winding is assumed equal 
to 100. 

The bandwidth of a pair of over-coupled coils may be defined, 
as shown in Fig. 159, as the difference in frequency between the 
two points at which the response is equal to that at the bottom 

of the trough. It is equal to V2 times the peak separation, so we 
may say— 

bandwddth of an over-coupled pair of coils = V2kfo. 

From the point of view of gain and selectivity tlie best perform- 

k 

ance is given hy k = 0 005, i.e., for wdiich, as we have already 

seen, both voltage gain and selectivity are 80 per cent, of tlieir 
maximum possible values. For this value of k w'e can say— 

i* — ^ . 

2 2 ^^ 


f 
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frequency 



Fio. 169. 



or Qk 



For a domestic superheterodyne receiver the best response curve is 
given by some value of k greater than for these are the only 
values of k which will give a pass-band (see Fig. 158) of width, 
say 8 kc/s. A pass-band of this order is clearly necessary if the 
receiver is to give satisfactory reproduction of all audio-frequencies 
up to 4,000 c/s. For such values of /,*, Qk is clearly greater than 
unity, i.e., the circuits are over-coupled and the double-peak effect 
is in evidence. It is obviously necessary in the design of if trans¬ 
formers to arrive at some compromise for the value of A:; a small 
amount of over-coupling is normally used. 

Variable Selectivity in IF Transformers. Undoubtedly the 
best solution to the problem of designing a satisfactory if transformer 
is to arrange for the couj)ling between the windings to be variable. 

We can then make k equal to for reception of weak stations and, 

as high quality reproduction is impossible from weak signals, the 
small bandwidth associated with values of k less than optimum will 
not matter. For reception of stroiig local stations we can make k 
many times i.e., use considerable over-coupling to achieve a 

wide pass-band and so enjoy the best possible reproduction. In 
practice it is extremely difficult to devise such a transformer. The 
idea of the rotating coil, illustrated in Fig. 58 in Chapter IV, can be 
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made to work well if very careful attention is paid to the design : 
otherwise it is easy with such an arrangement to get unequal peaks 
on over-coupling, giving a lop-sided response curve. Sometimes 
small coupling coils are provided in if transformers as shown in 
Fig. 160, on means of 
which, by switching 
them in or out as 
desired, it is possible to 
vary k and hence the 
bandwidth. In this 
circuit the if trans¬ 
former is a norm'al 
type giving narrow 
bandwidth when the 
switch S is in the up position. When the switch is moved down, 
however, the coupling between and Lg is effectively increased 
by the mutual inductance between Li and L 3 and hence a greater 
bandwidth is obtained. Suppose the Q values of Li and under 
working conditions are both 100 and that critical coupling (i.e., 
QA; = 1) is used to obtain the narrow bandwidth. We have then— 



Fio. 160.—A Circuit giving Two Values of 

Bandwidtli. 



1 


= 001 . 


M = kLi = 0 01 X 400 = 4 fzK, 

In this calculation Li and are assumed to be 400 //H. 
Qk = 2 for the wide bandwidth. For this case 


Now let 



M =^kL^^ 0-02 X 400 = 8 

With the selectivity switch in the down position, then, the coupling 
between Li and L 3 must provide an additional 4 /jH of mutual 
inductance. In order that operation of the selectivity switch shall 
make as little mistuning effect as possible in the secondary circuit 
of the IF transformer we shall make as small as possible and the 
coupling between and L 3 as great as possible. It is doubtful 
whether k can be made greater than J between L, and L^. Using 
this value we have, for the coupling between and Lg, 

M = kVLjJ^. 

4 = jViboLs. 
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Very few turns, therefore, will be necessary for L 3 . The increase 
in secondary inductance when the selectivity switch is operated is 
only O-.hi parts in 400, less than 0-1 per cent. The mistuning effect, 
since frcfiuency depenfls on the square root of inductance, will 
hence be less than O-Oa per cent., which is negligible. 

Readers interested in the problem of providing variable selectivity 
in IF transformers are referred to an article by W. T. Cocking.® 
Other Methods of Coupling in Band-pass Filters. It 
should be appreciated that there are methods of coupling band-pass 
elements other tlian by means of a mutual inductance link, such as 
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<" 4 ' 

hiQ. IGl.- Otlior Methods of Coupling band-pass Filters and Expressions for the 

Degree of Coupling obtained. 

we have been discussing so far. A few simple examples of other 
methods are iiulicatcd in Fig. Kil, and for each of them an approxi¬ 
mate cxi)rcssion for the coupling coefficient h is given. 
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At the beginning of the last chapter we saw that one of the 
reasons why a triode is unsuitable for rf amplification is that 
the anode-grid capacitance is large enough to cause regeneration 
and consequent instability, i.e., generation of continuous oscilla¬ 
tions. This leads immediately to the statement that one of the 
conditions for the continuous generation of oscillations is that a 
valve or ampUfier should have sufficient positive feedback (i.e., 
regeneration or reaction) to be able to supply its own input. Now 
there are as many ways of arranging for positive feedback in an 
oscillator as there are methods of applying negative feedback in 
amplifiers. Some of the commonest are illustrated in Fig. 162. 

The Reinartz Circuit. Perhaps the most popular type of 
oscillator circuit is the Reinartz given in Fig. 162 (a) ; in this 
the feedback occurs via the mutual inductance M between anode 
and grid circuits. Readers will realize that this is the same circuit 
as for the reacting detector described in Chapter VI except that 
in the detector circuit Ci is made variable to permit control of the 
degree of regeneration. The popularity of this circuit is largely 
due to the fact that it is possible to earth the rotors of both reaction 
and timing condensers Ci and C 2 , respectively, which is a great 
convenience as it enables these controls to be mounted on a metal 
panel or chassis, and avoids any mistiming effects which can be 
produced by the extra capacitance of hands on or near the controls. 

Hartley Circuit. The Hartley circuit, two possible arrange¬ 
ments of which are shown in Figs. 162 (6) and (c), is also quite 
popular. In this type of oscillator the reaction coil is part of the 
tuning inductance. The fact that only a single-tapped coil is 
needed is advantageous, but a drawback is that both sides of the 
tuning condenser are “ up in the air i.e., at rf potential. By 
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making variable it is possible to use the arrangement of Fig. 162 (c) 
as a reacting detector circuit. 

Colpitt’s Circuit. Fig. 162 (d) is similar to Fig. 162 (c) except 
that in Fig. 162 (d), the circuit of the Colpitt’s oscillator, it is the 
capacitive branch of the resonant circuit which is tapped, and 
not the inductive branch as in the Hartley circuit. It is usual 
to make Cj and Cj two sections of a ganged condenser assembly 
as both sets of moving vanes may be earthed. At high radio 
frequencies Ci and Cj may satisfactorily be as small as 6 or 10 ////F, 



Fio. 162.—Common Typos of Oscillator Circuit. 

and, in fact, it is not necessary to use pliysical components here, 

for the inter-electrode capacitances and of the oscillating 

valve itself can take the place of them, in which case the circuit 

has the appearance given in Fig. 162(e) in which C is a small 
tuning condenser. 

In all these circuits the oscillating valve is provided with a 
grid condenser and leak. For satisfactory operation the inclu- 
sion of these is desirable. Tlie potential swing of the oscillating 
circuit drives the grid positive for a period during each cycle 
and grid current flo’^vs. In flowing through the resistor this 
c^ent provides the valve with grid bias, this being the function 
o a grid leak in an oscillator. The grid condenser isolates the 
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grid from earth or ht potential via the inductive branch of the 
oscillatory circuit. 

Analysis of a Triode Oscillator.^ The circuit chosen for 
this analysis, a modified form of Reinartz oscillator, is illustrated 
in Fig, 163. The anode circuit of the valve is tuned and the gi*id 
coupling or reaction coil is aperiodic. The grid condenser and leak 
are omitted since they do not play an essential part in the mechanism 
of oscillation, and we shall also assume that no grid current flows. 
In spite of these simplifying assumptions the analysis leads to 
useful results. 



Fio. 163.—Fundamental Oscillator Circuit (a) and its ElectrieUl Equivalent (6). 


'Applying KirchhofiF’s laws to the equivalent electrical circuit, 
Fig. 163 (5), we have— 


and 


where— 


0 = hZ, - 
Zx = R\ jo)L/x + 


( 1 ) 




( 2 ) 


Also the potential output across the ends of L^, given by 
must clearly equal Eg since the oscillator may be regarded as an 
amplifier supplying its own input. Hence— 

Eg=jcoMu .... (3) 

From (2)— 

ti = joiCxZxit. 
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Substituting for I’l in (1)— 

= (r^ + 




iZii^ — 




Substituting for Eg from (3) 


- (k + 


— — T 


1 


jwCi 

~ ”h El. 

Neglecting the rf resistance of Lj, in comparison with coLi 
we have— 

fiM = RffiiZi + Li, 

which is a simple condition for maintenance of continuous oscil¬ 
lations. M will be a minimum when Zi is least, which occurs 

when Lx(d — 


wCi 


This shows that the circuit will oscillate at the 


resonant frequency of the timed circuit LiCi. For this frequency 
Zi ~ Ri and we have— 

P _ fxM — Li 

" R.Ci * 

Now Rx, Cl and R^ are all necessarily positive quantities. Clearly 
then for continuous generation of oscillations must exceed Lx. 
Now, if La < Li, M must be less than Li, so that fj. must be greater 
than unity, which is one example of the generalization that con¬ 
tinuous oscillations cannot be obtained without the aid of a device 
which amplifies. 

It is interesting to note that if the tuned circuit had been included 
in the grid circuit, and the untuned (reaction) coupling coil in the 
anode circuit, as in Fig. 162 (a), then again the frequency of the 
oscillations generated would have been fixed by the constants of 

the resonant circuit. The above expression may be modified 
thus— 

V 

= R^fixCx + Lx. 

pi -^1 \ 


M = 








R.C, 
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Now the expression 






— y — is of the same type as 

L, 






K + Rl 


which, as was shown in Chapter VI, is equal to the working or 
effective value of the mutual conductance This applies to a 

valve with a load consisting of a parallel tuned circuit LyCy. 
We thus have the very simple condition for maintenance of 
oscillations— 


M > 


R.Cy 


9 


m 


In the case of rf tetrode and pentode valves, is likely to exceed 

considerably, in which case g^' = i.e., the 


the value of 


LjCy 

Rl 


effective value of the mutual conductance is equal to the value 
calculated from the maker’s curves. 

As an example of the use of this formula, let us suppose we 
are using a battery rf pentode, for which g^ = 1-1 ma/volt, in 
conjunction with a tuned circuit in which Ey = 10 ohms and 
Cy = 300 //^F. The minimum value of M which will maintain 
oscillations is— 



10 X 300 X 10-^2 
M X 10-3 


H = 2*727 



In practice, a larger value than this is to be preferred. 

The Dynatron Oscillator. It was mentioned in Chapter IV 
that a tuned circuit would oscillate at its resonant frequency if 
it contained a negative resistance as shown in Fig. 164 (a). One 
way of effectively doing this is to connect across the parallel tuned 
circuit a negative resistance of a smaller numerical value than 


-ye resistance 
of ■numerical 
value >R 




to 

■o 



R 


Effective f-F. 
resistance of L 

(CL) 


Fio. 164 (a) and (6).—Conditions necessary for 
Maintenance of Oscillations in Resonant Circuit. 


o+ZO to 
40 volts 



Fio. 165. —Simple Dynatron 
Oscillator. 
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the dynamic resistance of the tuned circuit, as shown in Fig. 164 (6). 
This is actually what occurs in any of the oscillators illustrated in 
Fig. 162, for here the positive feedback gives the triode a negative 
input resistance. For maintenance of oscillation then— 

— Rg < LmQ, 

Now a tetrode valve of the screened-grid type has, under certain 
operating conditions, a negative anode impedance of a fairly low 
value and so can be used to provide a very simple type of oscillator 
known as a dynatron. The circuit of such an oscillator is given 
in Fig. 165, in which suitable values for the operating potentials 
are also indicated. The negative impedance is a consequence of 
secondary emission from the anode and is explained in Chapter VI. 
It only occurs for anode potentials from 20 to 40 volts, the screen 
being maintained at 60 volts positive with respect to cathode. 
This type of oscillator is a very useful one in view of the fact that 
no tapping point is required on the inductance and no separate 
reaction coil is necessary in order to generate oscillations. 

Resistance-capacitance Oscillator. No inductance is used in 
this type of oscillator, which is becoming increasingly popular. 
A typical circuit is given in Fig. 166. The operation of the oscillator 



H.T-h 


Output 


Output 


H.T- 


Fio. 166.—RO Oscillator. 



depends upon the fact that the grid and anode potentials in a valve 
amplifier with a purely resistive load are exactly in antiphase. 
A valve is thus capable of supplying its own input provided that 
a network having 180° phase shift is connected between anode and 
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grid circuits, and provided that the stage gain of the valve is 
more than sufficient to overcome the attenuation of the phase- 
shifting device. In Fig. 166 the three-section resistance-capacitance 
network produces the 180° phase shift. The valve will clearly 
oscillate at that frequency for which the filter gives 180° phase shift. 

In order to find the frequency given by an kc oscillator, consider 
the equivalent circuit given in Fig. 167. In this the valve is 
regarded as a generator of AEg volts ; A is the stage gain of the 
valve, and R ohms its internal resistance. R^ is not mentioned, 
which is equivalent to assuming it to be very large compared with R. 
Applying KirchhofiF’s law to this circuit, we have— 



AE„ 

= I\Z — 1 2 R • 

■ (1) 


0 

• 

• 

1 

1 

It 

■ (2) 


0 

= IzZ —’/ji?. 

• (3) 

in which 

z 

= 2R — jXy where X = 

coC 


From (1) 

h 

hz -AE, 

R 


From (2) 

h 

E(Ii + Iz) 

Z 



. hZ 

— AEg R{I\ 4- Iz) 



• • 

R Z 


which gives 






ZAEg + I,R^ 

Z^-R^ 

. (4) 

Subtracting (3) 

from (1) 




AEg = 1 \Z — l^Z. 



♦ 

• • 

J AEg + IzZ 

Z ■ ■ ■ 

• (5) 


Equating (4) and (5) gives— 

I - . 

’ Z{Z^ - 2i?2) 

In order to determine the phase shift introduced by the filter we 
must expand the denominator of this expression and collect together 
the real and imaginary parts. 

Z{Z^ - 2R^) = {2R -jX). {{2R - jX)^ - 2R^} 

= (2R -jX){2R^ - X^ - ^jRX) 

= 2R{2R^ - 3X2) ^jX(lOR^ - X^). 
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/, = 


AE„R'^ 


Rationalizing— 


2R[2R'^ - 3X2) - jX(l0i?2 _ X2] 


h = 


tan 0 — 


AE^R\2R{2R‘^ - SX^) + jX(l0i?2 _ x^)] 
~JR^~(2R^ -'3X2)2 + X2{I0i?2 - X2)2 

The angle wanted, then, 0, is such that 

X(10i?2 X2) 

2R{2R^ - 3X2)' 

If oscillation occurs when the phase shift is 180®, then 

X(10i?2 _ X2) = 0, 

ie., X = VlO.R. 

The frequency of oscillation is hence given by 

1 


X = 


.*. / = 


2.-T/C 


= VlOR. 


1 


1 
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In general, the attenuation introduced by the filter is given by— 
output voltage _ I^R __ 72® 

input voltage ~ AEg ~ 272(272® — 3X2) —/X(l6722~^X2)* 

At the frequency for which the phase shift is 180° X = ■\/l0R, 

72® 


attenuation = 

Putting X = VlO.R gives 

attenuation = 


272(272® - 3X2)' 


72® 


1 


272(272® - 3072®) 5G‘ 

The stage gain of the valve must hence exceed 56 times for oscillation 
to be possible. This precludes the use of a triode : a tetrode or 
pentode valve is necessary. 

The Multivibrator. This is a similar type of back-coupled 
RC oscillator using two valves connected as shown in the funda¬ 
mental circuit in Fig. 168. As before, the fundamental frequency 
of oscillation (the waveform is complex since both valves are con¬ 
siderably overloaded) is that for which there is 180° phase shift 
in the rc network. 

The output of this oscillator is not sinusoidal ; it is some¬ 
times of square waveform and if / == . contains a wealth of 

ZtiLR 


harmonics of frequency 


1 


;r072 27iCR' nCR 


, etc. 
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Such oscillators are used in frequency-measuring equipment 
where their property of being able to produce an output containing 
frequencies spaced, say, 10 kc/s apart, has useful applications. 

Valve oscillators are used in transmitters for generating the 
EF carrier, and in the frequency changers of superheterodyne 
receivers. In addition, they are used in laboratory and servicing 
equipment for generating af and ef voltages for test purposes. 
Their use in transmitters will be dealt with in our final chapter ; 
we will now consider in some detail their use in superheterodyne 
receivers. 

Superheterodyne Frequency Changers—Two Valve Type. 
It will be recalled from Chapter I that the basic principle of the 
superheterodyne type of receiver is that of “ heterodyning ” or 
“ mixing *’ the received signal with the output of an ef oscillator 
and of amplifying the resultant “ difference frequency ” by an 
EF amplifier with fixed tuning and of high gain and good selectivity. 

The oscillating and mixing prdcesses may be carried out by 
separate valves as in Fig. 169, in which ef pentodes are used for 
both functions. In this circuit, which is t 3 rpical of two-valve 
frequency changers, the suppressor grid of the mixer is tied to 
the control grid of the oscillator. For the sake of simplicity, 
screen feeds and bias circuits have been omitted. The frequency 
to which each circuit is tuned is indicated in the figure. The 
modified Hartley oscillator circuit, with the regeneration introduced 
via the cathode circuit, is noteworthy. 

The way in which the “ difference frequency ’’ is introduced 
may be explained as follows. The anode current of Vi contains 
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two alternating components, one of frequency /. introduced by its 
own control grid from the aerial coupling or the previous rf arapli- 
her, and the other of frequency /, introduced via the suppressor grid 
from the oscillator F,. The effective alternating component of 
the anode current of F., 7„, may thus be written— 

Ij ~ ^(a sin coit x b sin co,^) 

where a and b are constants, w, = 2nf, and to. = 2;r/.. Assuming 

this may be rewritten— 


~ ~ ~ COs({0, + £0,)«} 

80 that the anode current contains components of frequency /, - /, 

./y superheterodyne practice one is only 

interested m the difference frequency. 

Superheterodyne Frequency Changers — Single Valve 

types. Modern domestic superheterodynes make use of sinele- 
valve frequency changers. Fundamentally these consist of a triode 

In thp^nlH^ ° amplifier type situated together in one envelope. 

In the older heptodes and “ octodes ” the triode assembly 

surrounded concentrically by the electrode structure of an kf tetrode 

and pentode respectively. The potential fluctuations of the grid 

nd anode of the triode oscillator were thus impressed on tte 

electron stream of the kf valve, which was therTby elbled to 




SUPERHETERODYNE FREQUENCY CHANGERS 273 

function as a frequency changer. Since, however, the potentials 
on anode and grid are in antiphase, their eflFects on the electron 
stream were mutually destructive. To minimise this tendency the 
anode was made as small as possible, consistent with it being large 
enough to carry the anode current necessary to maintain efficient 
oscillation. Even so, this type of frequency changer was soon 
abandoned in favour of the modern triode-hexode in which there 
are virtually two distinct valves, sharing a common cathode, the 
grid of the triode being bonded to one of the mixer grids. Of 
the remaining three grids in the mixer section, that nearest the 
cathode is an exponentially-wound control or input grid and the 
other two are internally bonded screening grids. Each of these 


H.T-h H.Tf 



serves the purpose of preventing capacitive interaction between 
the electrodes at rf potential which it separates. The triode- 
heptode has an additional, earthed, grid in the mixer section, 
which is situated nearest the anode. This valve thus bears the 
same relationship to the triode-hexode as the rf pentode does to 
the screened grid valve. The mixer sections of all frequency 
changers have variable-mu characteristics so as to permit control 
of the gain of the valve from the avc line. 

Typical circuits using a heptode and a triode-heptode are given 
in Fig. 170 (a) and (6), respectively. The similarity of the circuits 
is obvious and, in fact, as these two valve types sometimes have 
similar base pin connections, the valves are virtually replaceable 
one by the other. 


T 
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Voltage Gain of Frequency Changer. The conversion con¬ 
ductance of a frequency changer is analogous to the mutual con¬ 
ductance of an RF pentode and may be defined as the value of 
the intermediate frequency component of its anode current with 
zero load for one volt of signal on the control grid. It is generally 
about one-quarter the value of the mutual conductance of an rf 
pentode, i.e., is about 0*5 ma/volt for an average frequency changer. 
Consequently the gain from a frequency changer is about one 
quarter of that from an rf pentode, assuming that they have 
identical anode loads. We therefore find in a normal type of super¬ 
heterodyne, in which the anode circuits of frequency changer and 



{By courtfiy of A. C. Comor. Ud.) 


IF amplifier contain the same type of if transformer primary, that 
the maximum gain of the if valve is about 200 times, and that of 
the frequency changer is about 50 times. 

This is only true provided that the oscillator section of the 

frequency changer is developing an adequate potential swing on 

IS gri . it is not, then the gain of the valve as a whole goes 
down, as illustrated in the curve of Fig. 171. 

Superheterodyne Tracking.’*.*.*.^ The high voltage gain and 
good selectivity of the superheterodyne type of receiver are possible 
y virtue of the fact that the if amplifier works at a comparatively 
low r^.o frequency (110 or 465 kc/s) while its tuning is fixed, 
this being so, It is necessary at all settings of the tuning controls 
that the frequency difference between the oscillator circuit L,C, 
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and the signal frequency circuit (in Figs. 169, 170 (a) and 

170 (6)) should be constant and equal to the intermediate frequency. 
Provided and are of suitable inductance, this is always possible 
by making independent adjustments to Cy and Og- The use of 
independent tuning controls for signal frequency and oscillator 
circuits is not an attractive idea, though this was the method used 
in early superheterodyne receivers, and modern receivers invariably 
use ganged condensers for these circuits. If the receiver employs 
an RF stage, or a two-circuit band-pass tuner, previous to the 
frequency changer, as many do, then a three-gang condenser is 
necessary. Communications, and other highly sensitive receivers, 
frequently include two rf stages before the frequency changer and 
consequently require a four-gang condenser. All superheterodynes, 
therefore, have one interesting problem in common : that of securing 
good “ tracking ”, i.e., arranging for the frequency difference to 
be accurately maintained when Ci and are two sections of a 
ganged condenser assembly. 

It was shown in Chapter IV that the ratio of change of capaci¬ 
tance in a tuned circuit is proportional to the square of the frequency 
range so that we have— 

^ = (h\" 

c, \fj 

where Cj and are the capacitances corresponding to the fre¬ 
quencies /i and /i, respectively. It is clear that the ratio of maxi¬ 
mum to minimum effective capacitance in the oscillator circuit 
must be smaller than that of the signal frequency circuit since the 
latter has a frequency range of, say, fy to /a, and the former of 
/i +/' to /a +/', where /' is the intermediate frequency. 

One method of solution of the tracking problem, and one which 
was frequently used some years ago, is to employ specially shaped 
vanes in the oscillator section of the ganged condenser, but this 
practice has now been largely abandoned and all sections of modern 
ganged condenser assemblies are nominally identical. Tracking is 
achieved by restricting the ratio of effective maximum to minimum 
capacitance in the oscillator section by the use of small semi¬ 
variable condensers (” trimmers ”) in parallel with the oscillator 
tuning condenser, and larger adjustable condensers (“ padders ”) in 
series with it, as sho^v^l in Fig. 172. 

Perfect tracking can only be secured at a limited number of 
frequencies in the waveband covered, their exact number equalling 
the number of variables that are present in the oscillator circuit. 
In Fig. 172, for example, there are three variables, namely, the 



276 SUPERHETERODYNE RECEIVERS 


Fig. 


Pacfder 



Signal frequency Oscillator circuit 

Circuit 


172.—Fundamental Circuit for Three point Tracking in Suj^rhaterodyne 

Receivers. 


oscillator inductance , the trimmer condenser and the 
padding condenser so that tracking can be perfect at three 
points in the band. It is best, of course, to place these, one at 
each extreme of the waveband, with the third at the middle. 
When “ lining up “ a receiver, it is usual to adjust the trimmer 
for maximum gain at the high-frequency end of the band, and 
the padder at the other end. If the value of the oscillator induct¬ 
ance is correct, ganging will automatically be perfect at the centre 
of the band. Alternatively, as variable inductance iron-cored 
radio-frequency coils are now becoming easy to manufacture, one 
can trim at the high-frequency end as before and adjust the induct¬ 
ance of the oscillator coil for maximum gain at the low-frequency 
end, using a fixed padding condenser to ensure correct tracking 
at the middle of the band. These remarks, as we shall see, apply 
only to medium and long-wave circuits. Alternative systems are 
used on short'-wave ranges. We will now derive expressions for 

the value of trimmer, padder and oscUlator inductance for a three- 
point tracking circuit. 


Analysis of Three-Point Tracking, Consider the circuits 
illustrated in Fig. 172. Suppose we decide to have perfect tracking 

at the three frequencies and g, whUe ^ is the intermediate 

frequency. Letting the capacitances of the condenser in the signal 
trequency circuit which correspond to the three alignment fre¬ 
quencies be C„ C, and C,, respectively, we have— 





CO.® = 


a>** = 


Lfi, ■ 
1 

Lfi, ■ 


■ ( 2 ) 
• (3) 


and 
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As the ganged condenser consists of identical sections, Ci, 
and Cs will also be the capacitances of the oscillator section. The 
effective capacitance, (7i', in the oscillator circuit at a signal frequency 


of ~ is, however, given by- 


Q t _ (^1 + 


Cl + Cf ~\~ Cp 

Similar residts hold for and thus— 

rt t _ (^2 ^t)^p 

" C,+C,-\-C^ ‘ 

n • _ (^3 + C^Cj, 

* C3 + (7,+ • 

When the signal frequency circuit is tuned to a frequency of 


( 4 ) 


( 6 ) 

( 6 ) 

2n 


the oscillator circuit must, for perfect tracking, be tuned to a 

and similarly for frequencies of 


frequency of 
Hence— 


CO 2 , ,1 COs 
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271 


and 
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(coi + o>'V = 


(g>i + a)')2 = 
(a>5 + o)')^ = 


Dividing (7) by (8) 


080 .'^ 1 
I 

-^0SC.<^8' 


^08C.C?,' 


( 7 ) 


( 8 ) 


(9) 


C 


L == 

i \oit 


+ CO 


4- o) 



Substituting for Gi and C 2 from (4) and (6) respectively 

C2 Cf Cl 4 " + Cp /coi 4 " CO ^ ^ 


Ct -{- Cf Cp 

from which, writing x' for 





Cl 4- Cf 
4- 

+ CO 
X — I 


\COa 


4-CO 


we have— 


X 


( 10 ) 


Cl Cf Gj 4" Cf 

To simplify the algebra, which is easily apt to become very cumber¬ 
some in this subject, we shall now assume that— 

coi 4- co' co» 4" co' 


CO 2 co' CO, 4- CO 


>• 
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The exact physical significance of this step is that once and w, 
have been chosen, coz is automatically fixed by the relationship_ 

Wa = \/(wi + co')(co3 -h <o') — co' . . . (11) 

If coi and (03 are the upper and lower extremes of a waveband, then 
C 03 will be very close to the middle of it, as we shall see in the 
numerical example later, so this assumption is no drawback. 

Dividing ( 8 ) by (9) and substituting for C/ and C 3 ' from ( 5 ) 
and ( 6 ), respectively, and solving for as above, we have— 




X 


1 


( 12 ) 


1 _ a; 

which corresponds exactly with ( 10 ). 

Equating ( 10 ) and ( 12 ) and solving for — 

Q _ ^3(^ 2 O1) xCi{Ci — C3) 

Cl Ct -\- x{C3 — C%) 

We can eliminate the unknowns C,, C* and C 3 from this by substi¬ 
tuting for them from (I), (2) and (3). We can then show— 

1 4- x(03^ — coi^x H- 1) 




(13) 


Lg £03^(a>3^ + XCOi^) — C 0 i^( 03 ^{x -f* 1) 

from which, knowing a>', Wi, Wg and Lg we can calculate ( 7 ,. cu. is 
obtained from ( 11 ). 

Having evaluated O, we can get C„ from (10) or ( 12 ) and L 
from ( 7 ), ( 8 ) or ( 9 ). v / oso. 

Consider the medium waveband, 550 - 1.500 kc/s. In terms 
of angular velocities this extends roughly from to = 3*5 x 10 ® to 
0 ) = 9-5 X 10® so that it is convenient to let Wi — 4-0 x 10® and 
W 3 = 9 0 X 10®. As an approximation to the common intermediate 
frequency of 465 kc/s, let w' = 3 x 10«, which corresponds to 
477-8 kc/s. From ( 11 ), eo, = 6-165 x 10». If ^ and C, have their 

values for the medium waveband of 157 hH and 
500 ////P (maximum), respectively, then substitution in (13) gives— 

C, = 13-7 

C^, from ( 10 ), is given by— 



• (14) 


Substitution of the 



appropriate values in this gives as 527 fiftF. 


EFFECTS OF MISALIGNMENT 
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Finally by substitution for (7/ in (7) we can show— 





1 




(cOl + CO 





which, on substitution of the values for coj, co', C, and (7^, 
gives Loec. as 88-3 fiR. 

Effects of Misalignment. The performance of the medium- 
wave tracking for which the values of and have just 

been obtained, can be most conveniently assessed as follows. 
Suppose we wish to calculate the tracking error at the frequency 
for which co — 5 x 10®. At this frequency the capacitance (7^ in 
the signal frequency circuit is given by— 



1 


(o^L 


25 X 1012 X 157 X 10-8 


- F = 254-8 /c/cF 


This will also be the value of the capacitance of the oscillator 
tuning condenser, but clearly the effective capacitance in this 
circuit, taking (7, and <7p into account, is given by thus— 


(254-8 -f 13-7) X 527 
'254-8-+ 13-7 + 527 


177-7 /c/cF. 


The oscillator pulsatance tOosc. then given by— 


^OSC. — 


\/l77-7 X 10-12 X 88-3 X 10-8 


= 7-982 X 108. 

/ 

With this v^lue for co^jac.j a.nd an LF corresponding to CO =3 x 10®, 
the received pulsatance is obviously given by— 

7-982 X 108 - 3 X 108 = 4-982 x lO®. 


The signal frequency circuit, hcrwever, resonates, as we postulated, 
at CO = 5 X 10®, so that clearly there is some mistuning, known as 
tracking error, in this circuit. It is most convenient to express 
this mistuning as a percentage of the resonant frequency of the 
signal frequency circuit. For the example we have chosen the 


- 0-018 X 100 

percentage error is - - - 

5 


0-36. In a similar way 


the percentage tracking error could be calculated for other medium- 
wave frequencies. This has been done for the circuit we have 
been considering and the results are plotted in graphical form in 
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Fig. 173. The worst error is seen to be at &> = 3*6 x 10® at 
which value it reaches + 1-03 per cent. 



Fia. 173.—Tracking Error expressed as a Percentage of Signal Frequency for 

Medjum-wavo Circuit. 


Loss of Sensitivity due to Misalignment. The presence of 
tracking error results in a loss of amplification, i.e., sensitivity. 
-It 18 easy to assess this loss in decibels if the Q of the signal fre¬ 
quency circuit, assuming there to be only one, is known. From 
the work done m Chapter VIII we know that the loss due to mis- 
tumng of a resonant circuit may be expressed thus— 


1 



+ 


where /„ the resonant frequency of the circuit and d/. = the 

departure from the resonant frequency. From this we miy easily 

show for a preselector circuit with a Q of 100—that the numeric^ 
loss in decibels due to mistuning umencai 


= 10 log,„ [1 + i(dfy] 


S'"" tJie example we have 

«je loss m sensitivity is 10 log.„ (f 4 x O-SO.) = 7-7 

Sit waveband, which is equal to 1-03 per 

cent, and occurs at the frequency for which 01 = 3 x 10« correspoL 

s of 7-2 decibels. Elsewhere in the band the loss is eon- 
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TRACKING IN SHORT-WAVE CIRCUITS 

eiderably less and is, in general, negligible. Generally speaking, 
if the tracking error is less than 1 per cent., and with the three- 
point system it is seldom greater, then the loss in sensitivity is 
neghgible. 

Tracking in Short-wave Circuits. The formulae quoted 
above can be used for calculating the values of (7,, and 
for a long-wave tracking circuit quite satisfactorily, but for a short¬ 
wave band, say 6-18 Mc/s, which can be conveniently covered 
with a standard tuning condenser of 500 maximum capacitance 
and an inductance of 1-408 //H, the results are rather surprising, 
for Cp is found to be very large—about 0*008 //F. Though not 
impossible, it is extremely inconvenient to manufacture a variable 
condenser of this size. Manufacturers avoid this difficulty by 
omitting completely from the circuit, which then, of course, 
becomes a two-point tracking circuit, as it now only contains two 
variables, Ci and i^osc.* putting as infinity in the above 
formulae we can show that— 


Q _ (o\(o^a + cojb) 

* + b) 

where a = cug + ct>' and 6 = cdi -|- <w', 


and— 
where— 


' 080 . 


1 

{co^ + a>y{C, + Ct) 





for tracking' frequencies of ^ and 

271 271 

Assuming the short-wave band to extend from to = 38 x 10® 
to o) =: 113 X 10®, which is equivalent to 6 — 18 Mc/s, we can 
arrange for perfect tracking to occur at 

coi = 40 X 10® and ft>a = 100 x 10®. 

By substituting these values in (17) and (18). we can show— 


Cf = 7*81 fi/nFj 
and = 1.196 ^H. 

In calculating these values Lg was taken as 1*408 //H. 

The tracking error for this circuit can be calculated in the 
same way as for the medium-wave circuit above. The maximum 
error is about 1*43 per cent, at co = 70 x 10®, representing a loss 
in sensitivity of about 9 decibels with a single preselector circuit 
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having a Q of 100. The performance of this circuit is illustrated 
in Fig. 174, which shows the loss in decibels due to misalignment 
plotted against frequency, or, to be exact, omega. 



Second Channel Interference.® If, in the above example, 
the oscillator pulsatance is co = 103 x 10®, then stations can be 
received on two frequencies corresponding to a> = 100 x 10® or 
106 X 10®, since both give an ef of w = 3 x 10®. The preselector 
circuit was, however, designed to receive the lower of these 
frequencies, and since this is one of the tracking frequencies the 
signal frequency circuit will be exactly tuned to a> = 100 x 10®. 
This circuit will nevertheless have an appreciable response at 
(o = 106 X 10®, since this represents only 6 per cent, mistuning; 
in fact, if the Q of the signal frequency circuit is 100, the response 
at 6 per cent, mistuning will be 21 decibels down, from formula 
(16) above. This type of interference due to “second channel” 
or image effects can be very troublesome, and to reduce it 
to negligible proportions several pre-frequency changer tuned 
circuits are necessary. The calculated performance of this circuit 
with regard to second channel rejection is also shown in Fig. 174, 
which illustrates the relative response, expressed in decibels, of 
signals on the image frequency compared with those on the wanted 
frequency. Tracking error has been taken into account. 

Automatic Volume Control.^-®.» avc has already been 
encountered in this book ; in Chapter VI a circuit of a diode 
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detector for provision of avc voltage was given. It was stated 
then that this voltage should be dependent on the carrier ampli¬ 
tude and unaffected by fluctuations in the modulation depth of 
the carrier. This negative voltage is then used as bias in pre¬ 
detector stages for rf valves, frequency changer and if amplifiers. 
If the AVC voltage is strictly proportional to the carrier amplitude 
of the signal at the detector, it is obvious that the effect of this 
feedback will be to make the output of the receiver constant, 
irrespective of the amplitude of the carrier applied between its 
aerial-earth terminals. For weak signals the bias will be small 
and the amplification of the controlled valves great ; for strong 
signals the bias will be large and the amplification correspondingly 
small. The fact that the bias derived from the detector can be 
large or small shows that the output of the receiver does, in fact, 
vary, though by no means as much as the input to the receiver. 
A change of carrier amplitude of 60 decibels will probably be com¬ 
pressed to 10 decibels at the output by this arrangement. The 
advantages of avc are an effective reduction in fading, and avoid¬ 
ance of annoying bursts of sound when tuning receivers, as differ¬ 
ences in signal strength of stations tend to be “ ironed out 

It is advantageous to “ delay the action of avc, i.e., to prevent 
it working until a predetermined carrier amplitude is reached at 
the detector, which can be done by returning the load resistance 
of the AVC diode to a point negative with respect to its cathode 
so that conduction, i.e., detection, cannot occur until the signal 
at this stage exceeds the potential difference between cathode and 
anode. Delayed avc does not limit the ultimate sensitivity of the 
receiver as does the system first described, as no “ biasing back ” 
occurs on weak signals. Fig. 175 illustrates the performance of 
such a system in a conventional four-valve receiver with only two 
controlled valves, namely, frequency changer and if amplifier. 
avc begins to act at point B, which corresponds to an input of 
100 fiV approximately. 

In communications receivers it is usual to have four controlled 
valves, yielding, of course, a far better performance than that 
illustrated in Fig. 175, but it is impossible to obtain an output 
completely independent of the input without amplifying the avc 
voltage before using it as bias. 

A Commercial Superheterodyne Receiver. In various 
parts of this book we have now studied the properties of tuned 
circuits and valves, rf, if and af amplification, frequency-changing, 
diode detection for signal demodulation and avc provision, and 
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175.— Avc Characteristic of Conventional Four-valve Superheterodyne 

Receiver. 


HT supply from the mains via rectifiers. We can now consider 
how all these fit together in a complete mains-driven superheterodyne 
receiver. 

The circuit diagram is given in Fig. 176. This is a three wave¬ 
band receiver incorporating such refinements as avc, Automatic 
Frequency Control (afc), and negative feedback, afo is a means 
whereby small errors in tuning are automatically corrected by the 
receiver itself. In addition, this receiver has provision for selection 
of eight stations by means of push-buttons, the necessary tuning 
and waveband switching being carried out by two small electric 
motors. In all there are eight valves, of which only five are in the 
direct amplifying chain between the aerial and the loudspeaker, 
the remaining three comprising the power rectifier, a magic eye ” 
tuning indicator and a double-diode with independent cathodes 

^sociated with the afc system. A picture of the receiver is given 
in Plate VI (between pp. 192-3). 

The RF stage is quite conventional. It functions on all three 
bands, the Yaxley type switches 8 ^ shorting out X, and 
- 65 , Le, respectively, on the short-wave band {6-8H-18-8 Mo/s), 
and Z 3 and L, only on medium waves (535-1,538 kc/s) as indicated 
^ circuit. All inductances are used on the long-wave band 
(150-400 kc/s). The waveband switches 8 ^ , , . 8^0 and are 
all ganged and are operated by one of the electric motors, which 
IS con ro ed by four push-buttons giving respectively long-wave, 
me lum wave, short-wave reception and gramophone reproduction, 
e aeria coup ng transformers employ high inductance primaries 
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« 

o£ the type mentioned in Chapter IV. The grid circuits are 
returned to the Avc line via the rf filter -RiCi, standing bias, in 
the absence of any avc voltage, being provided by the automatic 
system R^Pn. The rf amplifier is a variable-mu rf tetrode with 
critically spaced electrodes and a 6*3 volt heater. It functions as 
a tuned anode rf amplifier ; and to reduce the otherwise excessive 
gain which would be obtained with the high inductance long-wave 
winding Z 4 , the anode is connected to a tapping point on this 
inductance, which is also shunted by Anode and grid circuits 
are tuned by the two identical sections of a three-gang variable 
condenser, and respectively. The third section, C 19 , is used 
for oscillator tuning. 

The next valve, Fg, is the frequency changer which is of the 
triode-hexode type, the triode section being the Reinartz oscillator. 
The control grid of the mixer is returned via the grid leak R^ to the 
Avo line. The oscillator circuits are somewhat complicated by 
virtue of the waveband switching, but the chief points to note are 
that on short waves two-point tracking is used, the receiver being 
aliped at 18T8 Mc/s by adjustment of Czx and at 16-67 Mc/s by 
adjustment of C 2 and Cn, in each case to give maximum sensitivity. 
Three-point tracking is employed on medium waves, the trimmer 
being adjusted on 1,538 kc/s, and and at 1,333 kc/s. At 
the low-frequency end of the band (at 566 kc/s) alignment is secured 
by adjustment of the oscillator inductance This is varied by 

moving an adjustable iron core inside the inductance, an example 
of permeability tuning. On long waves three-point tracking is 
again used, alignment being carried out at 400 kc/s by adjustment 
of C 26 , at 353 kc/s by adjustment of and C 13 , and finally at 
158 kc/s by adjustment of the inductance of Li^. 

Part of the oscillator inductance on medium and long waves is 
provided by part and the whole respectively of the coil the 
exact value of this inductance depending on the magnitude of the 
direct current flowing in which is wound on the same iron 
core as This, in turn, is controlled by the degree of mistuning 

of the receiver in a manner to be described later. It is sufficient 
to appreciate at this stage that the oscillator frequency, and hence 
the tuning of the receiver, can be varied by altering the value of 
the direct current in 

The IF amplifier of this receiver is a variable-mu rf tetrode, 
functioning at 465 kc/s. Its bias is not derived from the avc line, 
as for the rf amplifier and frequency changer, but its grid is returned 
to the output of the discriminator circuit. The valve is thus used 
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as an afc voltage amplifier, its cathode being returned via the usual 
standing bias circuit through to earth. The if trans¬ 

former in its anode circuit has two secondaries, one of which is 
untuned and feeds the signal diode of the double-diode-triode V^. 

is the load resistance and RzoC^^ the usual rf filter. One of 
the four positions of the wafer of the wave-change switch Sm 
enables a gramophone pick-up to be connected across the af volume 
control i? 22 , thus enabling the af section of the receiver to be used 
for reproduction of records. The second secondary of Tz is tuned 
and feeds the afc double-diode V^. 

Discriminator Action, The afc circuit operates by virtue of 
the fact that the pd across the secondary winding of an rf trans¬ 
former is in quadrature with the pd across the primary winding, 
if both windings are resonant at the frequency of the applied emf. 
The RF input to one diode is that from the primary and half the 
secondary in series (vectorial addition as these voltages have a phase 
difference of 90®) and the same applies to the second diode save that 
the secondary voltage used in this case is 180° out of phase with that 
for the first-mentioned diode. Thus the rf voltages applied to the 
anodes of the discriminating diodes are equal at the resonant fre¬ 
quency of the IF transformer. The diode loads are connected so that 
the voltages generated across them are in opposition. Considering 
the net voltage generated across R^^ -f- we can now see that this 
will be zero for inputs to the primary of the transformer which 
are at exactly the intermediate frequency. At frequencies slightly 
different from the if value this balance is destroyed, the rf voltages 
applied to the two diodes differ, and a steady potential appears 
across + Ry^. Its magnitude will depend on the extent of 
the mistuning and its sign will vary according as the frequency 
of the received signal is higher or lower than the if value. This 
voltage may be used to alter a current in sympathy with it, by 
fl-pplying it to the grid of Fj; and if the anode current of F* is 
passed through then the inductance of this, as it is iron-cored, 
will alter in sympathy with the extent of the mistuning. As Lu 
is part of the oscillator circuit inductance, then by a suitable choice 
of circuit constants throughout the system small tuning errors can 
automatically be corrected. 

The second diode of F^ provides avc bias. The rf potentials 
are collected from the anode of Fj via the condenser R^^ is 
the load resistance, avc bias is also supplied to the control grid 
of Fe, a magic eye tuning indicator. Here it is amplified by 
a high-magnification triode, the anode of which is bonded to the 
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control electrode of a small cathode-ray tube, housed in the 
same glass envelope. The result is that the angle of a sector of 
luminescence on the target is proportional to the avc bias and 
hence is proportional to the received signal strength. It may 
thus be used as an indication of the correct tuning point, the 

tuning being adjusted for maximum angle in the sector of lumines¬ 
cence. 

The output tetrode gives nearly 10 watts of af power to the 
energized- moving-coil loudspeaker, which has an elliptical cone. 
041 is a variable “ tone control Negative feedback is obtained 
via the resistances and Uss, which feed a certain fraction of the 
output voltage into the cathode circuit of the triode af amplifier V^. 
On long waves, medium waves and gramophone reproduction, where 

best quality is wanted, the feedback fraction is — -, but on 

-R24 + -^34 

short waves it is reduced by the switch S,. to - ^ _ to 

give increased gam. For feedback purposes Rz* must be small, far 
smaller than the normal value of an automatic grid-bias resistor. 
To overcome this difficulty the manufacturers have adopted 
the neat solution of returning the screen feed potentiometers of 
Fi, Vt and Fs to .^ 24 , thus greatly increasing the dc through it 
and so obtaining the correct value of grid bias. 

The power pack is quite normal and need not be described. 
The action of the tuning motor is interesting. When a push¬ 
button is depressed the tuning motor is energized from a special 
winding on the mains transformer and rotates until the contact 
associated with the button is no longer in contact with the drum ab. 
The position of this contact is adjustable and is arranged so that 
the motor stops when the receiver is roughly in tune with the 
wanted station. The afc system will correct tuning errors of up 
to 3 kc/s. The motor is of a reversible type and by arranging 
that the drum ab is in two parts it is always possible to ensure 
that the motor starts off in the right direction. A very similar 
action occurs for the other motor which actuates the Yaxley type 
wavechange switch. 

The sensitivity of this receiver is good. It averages about 
3 //V on medium waves and long waves, and on short waves varies 
from about 6 at 18 Mc/s to 50 at 6 Mc/s. Selectivity is 
sufficient for satisfactory reception of all worthwhile stations and 
the quality of reproduction reaches a very high standard due to 
the use of adequate power and negative feedback. 


u 
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Communications Type Receivers. Communications tjrpe 
receivers, as their name suggests, are designed to cope with the 
most difficult reception conditions. Using such receivers it is 
possible to obtain intelligible reception of stations in spite of severe 
fading, splash from neighbouring signals and unpleasant heterodynes. 
These receivers are usually of the superheterodyne type with one 
or two KF stages before the frequency changer and two or three 
IF stages after it. They usually operate over several wavebands, 
the total coverage extending from, say, 100 kc/s to 30 Mc/s ; and 
the overall sensitivity averages 1 /iV, i.e., an input of this value 
(rms) modulated to a depth of 30 per cent, at 400 c/s will give 
50 mW output from the output valve anode. 

To permit reception of Morse code transmitted by the continuous- 
wave system (see Chapter X) the signal in the if amplifier can 
be rendered audible by heterodyning it by a beat-frequency oscil¬ 
lator, which has a frequency range of a few kilocycles around the 
value of the intermediate frequency. For receivers with an if of 
456 kc/s, a value common in the United States of America, the 
beat-frequency oscillator could be chosen to work from, say, 466 kc/s 
to 458 kc/s, thus permitting the audible beat note to have any 
value up to 2,000 c/s at will. The oscillatoi* may be, for example, 
of Hartley type, and may be coupled to the signal rectification 
diode by a very small condenser of a few yUjuF capacitance. A 
condenser as small as this can easily be manufactured by twisting 
two insulated wires together for a few inches. 

Another refinement frequently encountered in the design of 
communications receivers is that of “ crystal phasing ”, a means 
of using a quartz crystal (which, as we shall see in the next chapter, 
is equivalent to a tuned circuit with a Q value as high as 20,000) 
to give a very narrow pass-band of, say, 20-100 c/s for Morse 
reception or else to put a sharp ” crevasse ” in the if response 
curve. This latter provides a good means of reducing or eliminating 
an interfering signal, by arranging for the crevasse to coincide with 
the IF signal which corresponds to the interfering transmission. 

Most communications receivers embody variable selectivity ; in 
fact, nearly everything is variable in such receivers, which accounts 
to some extent for their good performance. They usually have 
an S-metcr ” which is a means of indicating received signal 
strength and may take the form of a milliameter connected in the 
anode or screen supply of the rf and if controlled valves, so giving 
an indication of the magnitude of the avc voltage and hence of the 
amplitude of the received carrier. 
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Receivers for Frequency-Modulated Transmissions.* lo.” 

One of the reasons why the above receiver was chosen as an 
example of a design for amplitude-modulated transmissions was 
that it contained a frequency discriminator in the afc circuit. 
Such discriminators are also used as demodulators or detectors in 
FM receivers, where their function is to convert frequency fluctua¬ 
tions into amplitude fluctuations. 

Fig. 177 shows a somewhat simplified circuit diagram of an fm 
receiver up to the af output from the discriminator. The remainder 
of the receiver, which includes the af amplifier and the power pack, 
is quite conventional. The circuit follows the block schematic 
diagram given in Chapter I, being an rf amplifier, the fre¬ 
quency chhnger, V 3 and F 4 if amplifiers (of which there would 
probably be more in an actual receiver). Fg is the limiter stage and 
Fa and F, form the discriminator. 

We will assume the receiver to be tuned permanently to 45 Me/s ; 
LiCi could therefore conveniently be 0*25 //H and 100 pt/nF (maxi¬ 
mum), respectively, resonance occurring at 45 Mc/s at approxi¬ 
mately half the maximum capacitance of the tuning condenser. 
The BF amplifier is straightforward, but its gain at such a high 
working frequency as 45 Mc/s is unlikely to exceed 7 or 8 . The 
naturally wide pass-band of a tuned circuit resonating at 45 Mc/s 
will cause no appreciable attenuation of the sidebands which occupy 
a channel about 240 kc/s wide in an fm transmission in which the 
maximum deviation from normal carrier frequency is ± 75 kc/s. 
In fact, as 120 kc/s represent only iV per cent, of 45 Mc/s it is easily 
shown from expression (16) that the loss is about 1-6 decibels, if the 
Q of the circuit is 100 . To obtain fair stage gain over a bandwidth 
240 kc/s wide in an if amplifier is impossible unless a fairly high 
frequency is chosen ; 4-5 Mc/s is commonly used. The oscillator 
frequency is thus 49*5 Mc/s, and in Fig. 177 the triode section of 
the triode-hexode frequency changer is shown connected as a Hartley 
oscillator working at this frequency. 

IF Amplifiers for FM Receivers. The design of the if 
amplifier presents an interesting problem as it is required to have 
a substantially linear response over a pass-band 240 kc/s wide. 
Assuming that each transformer consists of an identical primary and 

* At the time of writing, the design of tm receivers is a matter largely 
of academic interest as no regular pm transmissions are at present being 
made in this country. We hope shortly, however, to appreciate those 
benefits claimed in the United States of America for this type of trans¬ 
mission. 
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secondary we have that the coefficient of coupling between them, k, 
is given by— 

, bandwidth 240 

k = - = - == 0-0377. 

v2 X resonant frequency 1-414 x 4,500 

For best results with respect to amplification the windings should 
be critically coupled, i.e. Qk = 1, which gives the Q of primary and 

secondary as = 26-5. 

Now the tuning condensers in the if transformers are likely to 
be of 100 fXfxF maximum capacitance, resonance being wanted at 
approximately half the maximum capacitance. The desired value 
of inductance is hence— 

_ 1 _ 

0)2(7 4 X 31422 X 4-52 X 10*2 x 50 X H 

— 25 yuH. 


It .is a comparatively simple matter to design an inductance of 
this value having a Q value of 100. Artificial damping is then 
necessary, using resistors, as shown in the diagram, to reduce the 
effective Q of each winding to 26-5. We may calculate the value of 
the necessary resistors as follows. The dynamic resistance, i?^, of 
, each winding of the transformer in the absence of damping is given 
by— 

Ra = L(oQ =: 25 X 10~^ x 2 x 3-142 x 4-5 x 10® x 100 
= 70,700 ohms. 

The wanted value of assuming a Q of 26*5, is 

= 25 X 10"® X 2 x 3*142 X 4*5 X 10® X 26*5 
= 18,700 ohms. 


If R is the value of the necessary shunting resistance, we have, 
applying the usual law for resistances in parallel— 


from which— 


1 

18,700 



1 

70,700 


18.700 X 70,700 

70.700 - 18,700 


= 25,400 ohms. 


ResistoiB of this value are therefore connected across every primary 
and secondary in each if transformer. Needless to say, the stage 
gain of the if amplifiers is reduced by this damping. In fact we 
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have, from the previous chapter, that the stage gain of each IF valve 
is given by— 

A _ 9m<^^ 

2 k ^ 

_ 2 0 X 10-3 X 2 X 3142 X 4-5 X lO® X 25 x 10-« 

" 2 ”^0-0533 

= 13-26 times, 

the mutual conductance being taken as 2 ma/volt. 

Three or four sucli stages are used in actual receivers. After the 
chain of IF amplifiers there is a pentode, V^, functioning as a limiter, 
i.e., as a valve with the purpose of suppressing voltage fluctuations 
present in its input signal. It is this valve which is responsible for 
the “ quietness ” of fm receivers, i.e., their comparative immunity 
from noises due to static and interference. The limiting action is 
achieved by working the valve with its anode current at saturation 
value, so that changes in^id volts produce no corresponding change 
in anode current. To keep the saturation current at a low value the 
anode and screen are both arranged to be at a lorw value of ht (about 
40 volts positive with respect to cathode). For inputs to the grid 
greater than about 2 volts limiting then occurs. The valve works 
as a leaky grid detector, and can be used as sho^vn in Fig. 177 to 
provide a voltage suitable for avc purposes. 

The discriminator circuit used in this receiver is very similar 
to that used in the am receiver discussed above. There is little 
point, therefore, in discussing its action again. To avoid possible 
harmonic distortion, precautions need to be taken to obtain a linear 
relationship between frequency departm*e from the if value of 
4-5 Mc/s and voltage output from the discriminator. To achieve 
this desirable result care must be taken in the design of the dis¬ 
criminator, for the voltage-frequency characteristic is a function of 
two resonance curves. Details of discriminator design are given in 
articles by K. R. Sturley and C. Tibbs.” 

Television Receivers. It is not the authors’ intention in this 
section to give detailed and comprehensive accounts of television 
receiving equipment, about which whole books might well be 
^vrltten. Instead we will consider the circuit of a television receiver 
given in Fig. 178, which is fairly typical of those used for reception 
of the B.B.C. high definition service radiated from Alexandra Palace. 
The circuit is given in detail except for those parts, such as power 
packs and time bases, which have been dealt with elsewhere, and 
these are indicated in the diagram by blocks. 
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Fig. 178.—Circuit Diagram of CoiToplete Television Receiver. 
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In the vicinity of Alexandra Palace a straight vision receiver 
having the necessary wide bandwidth and tuned to 45 Mc/s will 
be satisfactory, but the receiver (here illustrated) is more seilsitive, 
being a superheterodyne with an rf amplifier, Fi, preceding the 
frequency changer, F„ the oscillator of which operates at 58 Mc/s. 
Vi and Fa have an effective bandwidth of 41 to 47lVlc/8 and are 
common to both vision and sound receivers. As the sound accom¬ 
paniment is radiated on 41*5 Mc/s, the sound intermediate frequency 
amplifier must clearly be tuned to 58 — 41-5 = 16-5 Mc/s. The 
bandwidth here is not restricted to 10 kc/s, as one might on first 
thoughts expect, but is made about 50 kc/s, chiefly because the 
frequency of the oscillator F* will vary over several kc/s, no matter, 
at what frequency it is set. The bandwidth of 50 kc/s (which is 
achieved by use of damping resistors, as shown in the figure, in the 
same way as for the fm receiver) will accommodate the variations 
in difference frequency likely to be encountered. The remainder 
of the sound receiver, which includes two if stages, a detector and 
output stage, is perfectly straightforward and is indicated by a single 
block in the diagram. The power pack, which it shares with the 
vision receiver proper, is also indicated by a block. 

Turning now to the vision part of the receiver, we note that 
Fa, Vi and F^ are three identical stages of if amplification, the 
working frequency being 13 Mc/s, and the single tuned circuits are 
all shunted by resistors to give them the necessary bandwidth of 
4 Mc/s (for double sideband reception) or 2 Mc/s (for single sideband 
operation). The detector F« is a diode with a load resistance of 
about 5,000 ohms. The load by-pass condenser is restricted to 
about 50 fifiV by tlie necessity of retaining vision frequencies up to 
2 Mc/s. F7 is a VF amplifier similar to that described at the end of 
Chapter VI, and the grid of the cathode-ray tube (which, as can be 
seen in the diagram, has the shape of a cylindrical cap with a hole in 
it) is parallel fed, via a condenser from its anode circuit. Unfor¬ 
tunately, parallel feeding has the disadvantage of eliminating the 
DC component of the vision signal, on which the average brightness 
of the image depends. This is, therefore, replaced by the do restora¬ 
tion rectifier Fg. In a sound receiver the amplitude of the AF signal 
decides the volume or power of the sound output; in a television 
receiver the amplitude of the vf signal decides the contrast, i.e., the 
difference in intensity between black and white in the received 
image, is thus not a volume control but a contrast control. 

To sejiarate the synchronizing impulses, which are of less than 
30 per cent, modulation, from the vision .signal proper, F®, a limiter 
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is used. This works on the same principle as the limiter in the fm 
receiver, but here suppresses all impulses of greater than 30 per cent, 
of the maximum amplitude. Its anode current thus contains line 
and frame synchronizing impulses only. As these succeed each 
other at different rates they can be separated by simple rc filters 
with suitable time constants and then applied to their respective 
time bases as shown in the figure. The frame frequency in the 
B.B.C. system is 50 c/s and the line frequency 10,125 c/s. A single 
series rc element, as described under coupling circuits in Chapter III, 
may be regarded as an elementary high-pass filter and so may be 
used for accepting line pulses and rejecting frame pulses. Similarly, 
a parallel rc network acting as a simple low-pass filter can separate 
frame pulses from line pulses. The push-pull outputs of the time 
bases are applied to the opposite pairs of deflecting plates, as shown. 
It should be noted that some cathode-ray tubes use electromagnetic 
deflection, in which case the outputs of the time bases are applied 
to coils placed at the neck of the tube. 

The diagram shows the internal structure of an electrostatic 
cathode-ray tube, in which deflection is achieved by electrostatic 
means. An interesting feature is the “ electron gun ” with its three 
accelerating anodes and the cylindrical cathode and grid. The 
circuit of the simple power pack with rc smoothing is also given in 
the diagram. The steady pd between control grid and cathode, 
which determines the mean brightness of the screen, is controllable 
by the variable resistance i? 3 , appropriately known, therefore, as 
the brilliance control. Focusing is adjusted by varying the potential 
of the second anode by means of the variable resistance 

To avoid the abnormally great deflection of the electron beam 
which woxild occur if the deflecting plates had a DC potential con¬ 
siderably different from the 3,000 volts of the third anode, the 
plates are returned to this electrode by means of resistances as 
shown. The receiver described is of a fairly sensitive type and 
should give good pictures and sound reproduction up to 50 miles 
from Alexandra Palace. 
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CHAPTER X 


TRANSMITTERS FOR TELEGRAPHY AM AND 
FM BROADCASTS AND TELEVISION 


Early Transmitters—Continuous Wave Transmitters—Valve Trans¬ 
mitters—Crystals—Class C RF Amplification—Telegraphy Trans¬ 
mitters—Amateur Transmitters—Class C Modulated Amplifiers— 
Analysis of Heising Modulation—Other Methods of Modulation— 
Linear Class B RF Amplifiers—Microphones—Characteristic Impe¬ 
dance of Transmission Lines and Concentric Cables—Broadcast 
Transmitters—The AF Amplifier—Aerial Coupling Arrangements— 
Short-wave Transmitters — Aerial Matching — Radio Telephone 
Transmitters—Television Transmitters—FM Transmitters 


Introduction. We saw in Chapter IV that if an emf is intro¬ 
duced into any circuit containing inductance and- capacitance, an 
alternating current of gradually diminishing amplitude results. 
The energy, the loss of which accounts for the falling amplitude, is 
dissipated partly in the form of heat in the circuit resistance and 
partly in creating a radiation field. In order to set up a strong 
radiation field the inductance or capacitance should occupy con¬ 
siderable space, i.e., should be in the form of an aerial. For success¬ 
ful use in transmitters some sort of continuous stimulus must be 
applied to the resonant circuit, and from the theory of Chapters IV 
and IX it is clear that the most suitable kind of stimulus is a negative 
resistance. 


Early Transmitters. The earliest transmitters 


operated on the spark system, and Fig. 179 shows the 
circuit diagrani of a transmitter operating on this principle 


and using a 
fixed spark gap. 
When the key 
in the primary 
circuit is 
pressed the 
fixed condenser 
is charged from 
the high voltage 



generated by the 

secondary of the Fiq. 179.—Circuit Diagram of Marine Telegraph 

transformer and Transmitter. 
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discharges across the gap, the discharge being oscillatory because 
of the presence of the resonant circuit in parallel with the spark gap. 
The aerial circuit is then excited by a series of damped wavetrains, 
one per spark. A dot in the Morse code might contain, say, ten 
wavetrains and a dash thirty, the damped oscillations following each 
other at an audible rate and producing an audible note in a receiver. 
Later developments led to the introduction of rotary-gap dischargers 
giving a higher spark frequency (and a higher audible note in a 
receiver) and quenched-gap transmitters in which the power waste 

in the spark gap was reduced by de-ionizing the air after the first 
current node. 

Continuous Wave (CW) Transmitters. By using a source 
of steady negative resistance such as an electric arc, it is possible to 
produce a transmitter generating a steady radiation field. This was 
first done by Duddell in 1900, whose “ Singing arc ” was so named 
because of the audio-frequency generated. This w^as modified to 
generate radio frequencies at long wavelengths in 1903, by Poulsen, 
who used an arc surrounded by an atmosphere of hydrogen and 
subjected to a magnetic field. In the efficient transmitters result¬ 
ing from application of these principles keying was done by 
shoit-circuiting a few turns of the tuning inductance, producing 
approximately 1 per cent, change in frequency. Another method of 
producing steady rf oscillations wdiich has received much attention 
is that of employing a dynamo with multiple pole pieces. Highly 
satisfactory alternators of this type have been produced by Alex- 
anderson. Though satisfactory at low radio frequencies, these ow 
telegraphy systems are useless on short w'aves. At these high 
frequencies, valve transmitters are used, and as these have almost 
completely replaced all other types to-day we must pay particular 
attention to the methods used in them. 

Valve Transmitters. We. have already seen how a valve 
may he used as a generator of steady oscillations. In order to make 
a simple telegraphy transmitter it is only neeessary to couple the 
oscillatory circuit to an aerial-earth system and to'introduce some 
method wherehy a signalling key may make and break the output. 
One way of doing this is indicated in Fig. 180, in which the aerial 
coupling IS, as in receiver circuits, by means of mutual inductance. 
Witli a few additions such as waveband su-itching facilities, and 
meters for measuring filament, ht and aerial current, this diagram 
can be taken as tliat of a simple marine transmitter. In order to 
pneiate appreciable power the single valve used would be a fairly 
arge directly-heated triode, with an anode supply of, say, 2,000 volts 
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and a filament consum¬ 
ing 10 amps, at 7-5 
volts. This would 
probably deliver about 
250 watts to the aerial. 

By international 
agreement all broadcast 
and telegraphy trans¬ 
mitters are obliged to 
have a specified degree 
of frequency stability, 
and before describing 
more elaborate trans¬ 
mitters we must con¬ 
sider at this stage the 
outstanding properties 
of the type of crystal 
which is to-day so often used as a frequency standard in broadcast 
equipment. 

Crystals. Although it is possible to design an lc circuit which 
will give a fair degree of frequency stability, when placed in a thermo¬ 
stat, a better performance is obtained from a thermostatically 
controlled quartz crystal. Three solids, namely quartz, Rochelle 
salt and tourmaline, are noted for their “ piezo-electric ” properties, 
i.e., their ability to convert mechanical into electrical stress. Thus 
if such a crystal in the form of a flat thin plate is rigidly clamped 
at three corners and the fourth is deflected, a potential difference 
proportional to the exter* of the deflection is set up between the 
parallel faces. This fact is utilized in the construction of “ piezo¬ 
electric ” or crystal gramophone pick-ups, which generally use 
crystals of Rochelle salt. Conversely, if potentials are applied 
across the parallel faces, then the free corner will be deflected, the 
relationship between potential and deflection being substantially 
linear. This is the principle of the “ tweeter ”, a piezo-electric 
loudspeaker used sometimes for reproducing the upper part of the 
audio-frequency spectrum. 

If an alternating potential is applied across the parallel faces of 
a crystal, then mechanical vibrations occur at the frequency of the 
applied emf and at the natural period of the crystal, this being an 
example of the well-known physical effect of “forced vibrations”. If 
the frequency of the applied emf is near that of the crystal, large pd’s 
are developed across it. This idea is used in the construction of valve 



Fig. 180. —Simplified Circuit Diagram of Valve- 
operated Marine Transmitter. 
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oscillators of extremely high fre¬ 
quency stability. A typical circuit 
is given in Fig. 181. Circuits such 
as these are used in the “ crystal- 
drive ” equipment which supplies 
the RF carrier in transmitters, and 
by paying careful attention to the 
cutting, mounting and temperature 
control of the crystal it is possible 
to achieve a short-term frequency 
stability of 1 part in 10® and a long 
term stability of 2 parts in 10^. 

The natural frequency of a 
crystal depends chiefly on the 
linear dimensions concerned in the 
for a quartz plate with potential 
parallel faces the thickness 
equation— 


mode of mechanical vibration ; 
applied by electrodes in contact with the 
determines the frequency according to the 


/(in kc/s) = - 


where t is tlie thickness in millimetres and X: is a constant, equal to 
2*86 X 10®. Like most solids, crystals expand when heated, and so 
their natural frequency decreases with increase in their temperature, 
making thermostatic control essential to achieve high frequency 
stability. The coefficient of frequency increase is negative and de¬ 
pends on the manner in which the quartz plate is cut from the natural 
crystal. It varies from about — lx 10“® to — 2*6 x 10“ ® per ° C. 
Modern research is striving to find a cut with zero temperature 
coefficient and effoi’ts have already been rewarded by the discovery 
of the OT cut which has a very low coefficient; ordinarily no tem¬ 
perature control is necessary in using crystals cut in this way, which 
makes these plates eminently suitable for use in portable trans¬ 
mitters such as those used for communications purposes in aircraft. 
In broadcast transmitters crystal plates are usually mounted 
horizontally inside small ovens, the temperature of which is main- 
tamed as constant as possible. Thermostatic control is generally 
ac leved by use of a mercury contact thermometer wliich actuates 
a relay valve containing mercury vapour, in the anode circuit of 
w 1 C 1 is an electromagnetic relay controlling the oven-heating 
elements ; though elaborate electrical bridge circuits are sometimes 
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The fundamental frequency of quartz crystals is dependent 
on their physical dimensions, the usual range being from 25 kc/s 
to 4 Mc/s, though crystals resonating at 25 Mc/s have been produced. 
Frequency dividers or multipliers may be used to extend the useful 
range of crystal-controlled oscillators to almost any value. For 
example, a crystal resonating at 600 kc/s may be used to control a 
carrier of frequency 2,400 kc/s (four times as great). With several 
transmitters of adjustable radio-frequency and several crystal drives 
it is possible, using frequency multipliers and dividers, to make 
accurately controlled transmissions on a great number of carrier 
frequencies. 

From the electrical point of view a quartz plate behaves as a 
series tuned circuit with a Q value which may be as high as 20,000, 
shunted by a small capacitance which is actually the electrical 
capacitance of the contacting plates with quartz as the dielectric. 

Modern crystal drive equipment may include amplitude limiting 
circuits to preserve the sinusoidal waveform of the crystal oscillator 
output (the presence of harmonics is clearly undesirable), and buffer 
amphfiers with substantially infinite input impedance to eliminate 
damping of the crystal oscillator. 

Class C RF Amplification. As mentioned in Chapter VII, 
in valves used for Class C operation (which is reserved chiefly for 
amphfication of signals of sinusoidal waveform) a great negative 



Fig. 182.—Curve illustrating Class C Amplification. 


bias is used so that anode current flows for less than 180° of the 
grid input cycle. Generally the negative grid bias used is equal to 
about double the cut-off value, i.e., double that value which sup¬ 
presses anode current completely, so that anode current is zero in 
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the absence of grid signals. Pulses of anode current of amplitude 
occur at the positive peaks of the grid signal, as shown in Fig. 182, 
and their peak value is designed to approach the saturation value 
of anode current. The anode current, as illustrated in the figure, 
flows for 0° of each positive cycle of grid potential. This will be 
referred to, in the subsequent text, as the “ angle of anode current 
flow The waveform of the pulse of anode current is obviously 
not a good copy of the sinusoidal input signal, which is another 
way of saying that considerable harmonic distortion is present. 
In fact, Fourier analysis of the pulse shows that it is composed 
of a DC component ip, a fundamental alternating component of 
amplitude with the same frequency as the applied signal, and 
several harmonics of this of smaller amplitude. The dependence 

of the value of on the value of 9 is illustrated in the acconipan 3 dng 

table, some of the values in which will be used later in estimates of 
the efficiency of rf amplifiers and modulated amplifiers. 



U 

0 


0 

2 000 

20 

1-993 

40 

1-976 

60 

1-946 

80 

1-905 

100 

1-865 

120 

1-790 

140 

1-720 

160 

1-650 

180 

1-570 


If the anode load is a tuned tank circuit, resonating at the 
fundamental alternating component of the anode current, then if 
It is reasonably sharply tuned it will have a low impedance at 
multiples of the fundamental frequency, so that the pd aeross this 
will be apjiroximately sinusoidal. The amplification has thus been 
practically distortionless. Class C rf amplification is characterized 
by very high efficiency, as anode current only flows for that portion 
of tlie grid input cycle for which the impedance of the valve is least. 
The impedance of the valve is infinite for the remainder of the cycle. 

The peak potential E, developed across the load is given by— 

E, = 

where is the dynamic resistance of the tank circuit. The rf 
power output is given by— 

power output = — ^ • V- = 

V 2 V2 2 ' 
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The efficiency is given by— 

RF power output _ 

DC power input 

where Ej^ is the ht supply voltage. 

jp 

The value of the ratio of peak voltage developed across the 

load to the ht supply voltage, which might well be termed the 
“ voltage utilization ratio ”, may easily be as great as 0-9. It can 
hardly be greater, however, otherwise the positive grid potential 
may exceed the anode potential (which is a minimum when the 
grid potential is at its positive maximum) and this would cause 

excessive grid current with possible damage to the valve. The value 

• 

of ^ depends on the angle of anode current flow, as illustrated in the 
table, given above, and if this is 120°, a commonly used value, then 
^ = 1-79 giving the efficiency as 0*5 x 0-9 x 1*79 = 80*55 per cent. 

t'o 

It is possible to improve on this figure slightly, 90 per cent, efficiency 
being sometimes possible from a well-designed Class C rf amplifier. 
Such amplifiers are therefore used wherever possible in trans¬ 
mitters. Triodes are almost invariably used in all the high-power 
stages of transmitters, as the use of tetrodes or pentodes would not 
give much, if any, improvement in efficiency, and, moreover, the 
cooling of the screen of a large tetrode or pentode would present 
a difficult mechanical problem. In telegraphy transmitters ah. 
stages may be operated under Class C conditions as only voltages 
of sinusoidal waveform need to be amplified ; in telephony trans¬ 
mitters this type of operation can only be used in modulated 

amplifiers and previous rf amplifiers. 

The expression derived above for the value of Ei may be used to 

decide the correct value of anode load to use. Ei = E^^ -^min. 
where E^-^^ is the minimum value of the anode potential it is decided 

to use. We thus have— 


R. = 


E.-E 


min. 


The value of is fixed by the angle of anode current flow and the 
saturation value of anode current of the valve used. 

Telegraphy Transmitters. We are now in a position to 
consider details of some typical telegraphy transmitters. Fig. 183 
shows a simplified circuit diagram of a typical commercial short-wave 
telegraphy transmitter. It consists, fundamentally, of a crystal- 
controlled oscillator followed by several rf pentodes operating in 
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Class C functioning as frequency multipliers which are used to 
generate a carrier of the desired frequency. From the wealth of 
harmonics generated in each valve, the anode current component 
of the desired frequency is selected by tuning the resonant circuit 
in the anode lead to it. This part may be considered as the crystal 
drive unit. For the sake of simplicity the screen feed potentiometers 
of the BF pentodes have been omitted from the diagram. 

Next follow two Class C amplifiers, Ve and F„ operating in 
neutralized push-pull. They are large triodes delivering about 
1 kW of KF power. If this power is considered sufficient, the 
transmitter can be operated by energizing the aerial directly from 
this stage. If not, another push-pull stage of neutralized Class C 
BF amplifiers may be added, using even larger, water-cooled, triodes, 
which step up the output power to about 40 kW. In this mode of 
operation the penultimate stage behaves as a driver amplifier 
supplying the power associated with the gi'id current of the final 
stage. 

There are many methods of keying a transmitter. In the trans¬ 
mitter illustrated in Fig. 183, the key, when lifted up, effectively 
suppresses the carrier by reducing the volts on F 3 so that the input 
signal supplied to V^ is completely beyond the cut-off value, making 
F 4 inoperative. This is achieved by the use of an auxiliary valve 
Fio, as shown. With the key in the up position the grid is positive 
so that it takes considerable anode current and the voltage drop 
through a is great. When the key is depressed a negative bias is 
applied to the grid of Fiq. It then takes little or no anode current 
and practically the full value of the ht supply is applied to F 3 , and 
the transmitter radiates. 

Class C Modulated Amplifiers. By a suitable choice of 
load and operating conditions it is possible to obtain a linear relation¬ 
ship between anode potential and mean anode current in a Class G 
BF amplifier. Once this has been done it is possible to use the valve 
as a modulated amplifier by arranging for the af signal to vary 
the HT supply voltage as shown in the curves and circuit 

diagram of Fig. 184 {a) and 184 ( 6 ), respectively. The linear 
relationship is clearly necessary to avoid harmonic distortion of the 
modulation waveform. 

In Fig. 184 ( 6 ) Fi is the Class C bf amplifier, Fa being an af 
output valve. The anode current of both valves passes through the 
modulation choke so that the anode potential applied to Fi varies 
in sympathy with the af signal applied to the grid of Fa. This is 
known as Heising Modulation. 
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(a) Mode of Operation of Class C (6) Circ\iit of Modulator and Modulated 
Modulated Amplifier. Amplifier (Heising Method). 

Fio. 184. 


The relationship between and will be linear provided that 
the load resistance of the Class C modulated amplifier is of the 
correct value, that the grid bias is at least equal to the cut-off value 
for twice the value of ht volts it is decided to use (this value of 
HT volts will be reached at 100 per cent, modulation) and that 
adequate rf drive is used. This should be sufficient to drive the 
anode current almost to saturation value. The load, in practice, 
will not be that of the tank circuit alone, for to this an aerial, or 
feeder or transmission line, will probably be coupled, and most of 
the power output is naturally required in the aerial. The true 
anode load should be taken as the effective resistance of tank 
circuit and aerial. If the Q of the tank circuit in the absence of 
an aerial connection is ^he addition of the aerial reduces 

it to Qett.i then the efficiency of transfer of power to the aerial is 
given by— 

~ Qott. 

max. 


efficiency = 


Q 


max. 


<2 


Hence Q^ax. should be as high as possible for efficient transfer. 

The anode load of Fg is mainly the impedance of Fi, i.e., the slope 
of the curve in Fig. 184 (a); this should clearly be as 

constant as possible over the entire modulation range if distortion is 
to be avoided. This is another reason why a linear relationship 
should be maintained between /„ and E^^. The efficiency of a Class C 
modulated amplifier is lower than that of a Class C rf amplifier, 
mainly because the operating conditions approach those of a Class B 
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amplifier at 100 per cent, modulation where the angle of anode 
current flow approaches 180°. For 0 = 180° as in Class B rf 

amplifiers, = 1-57, so that the efficiency will be 0-5 x 0-9 x ^*57 

— 70-65 per cent., the voltage utilization ratio being taken as 0-9. 
In fact, the variations of angle of anode current flow and voltage 
utilization ratio with modulation depth are complementary so that 
the efficiency remains constant at about 70 per cent. This mainten¬ 
ance of constancy of efficiency is an essential condition for distortion¬ 
less performance in a Class C modulated amplifier. 

If we know the value of the ht supply voltage to a Class C 
modulated amplifier and the power output of the transmitter, it 
is possible to calculate a number of particulars of the performance 
of this stage. Suppose, for example, these are 20,000 volts and 
100 kW respectively. We will assume the efficiency of the stage 

to be 70 per cent., a reasonable practical value. The total power 

100 

taken by the Class C stage from the ht supply circuits is 100 X 

= 143 kW approximately. The mean DC anode current taken 

143 kW 

by the valves will thence be = 7-15 amps. Suppose the 

instantaneous anode potentials of the valves falls to one-tenth the 
value of the ht supply voltage, i.e., the voltage utilization ratio 
is 0-9, Then the single peak value of the anode potential is 18 kV 

and the rms value is thus —;= kV. If the anode-to-anode load of 

V2 

the pu^h-pull stage is R ohms, we have from the relationship 


i? 


100,000 (i.e., 100 kW) = 


18,0002 

2R~ 


R = 


18,0002 


= 1,620 ohms. 


200,000 

If the above calculations are repeated in general terms we find 
that— 


mean DC feed = 


0 - 7^7 


HT 


and anode-to-anode load — ^ “ 0*405 x ^ , 

where = value of ht supply in volts, 

and P = power output of transmitter in watts. 
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Analysis of Heising Modulation. Provided the Class C 
modulated amplifier has been properly adjusted there -will be no 
alteration in the mean direct anode current during modulation. The 
amplitude of the alternating component of the anode current does, 
however, vary with the modulation depth, the relationship between 
them being deduced as follows. Our introductory chapter men¬ 
tioned that when a carrier wave is modulated, two additional waves 
appear above and below of the carrier frequency. Modulation does 
not affect the amplitude of the carrier ; it adds energy, however (this 
coming from the modulator stage), by producing these sidebands, 
which for 100 per cent, modulation have half the amplitude of the 
carrier, this corresponding to an increase of power of 60 per cent., 
since power is proportional to the square of the amplitude. 

Suppose the rms aerial current is 7o in the absence of modulation, 
and rises to during modulation. If the aerial resistance is R, we 
have— 

power in unmodulated carrier = /o^R. 


When the carrier is modulated the two sidebands produced have 
each an amplitude (see Chapter I) of where m is the modulation 

A 

depth. We have now— 


power in the two sidebands 




fitxJ \ ^ 

Hence power* in carrier and both sidebands = 


But the power in the modulated carrier is also equal to 

• 7 o T> - r Q n I A T> 


from which 


= /o“i?+ 

- ‘- J ' + T- 


For 100 per cent, modulation, therefore, the aerial current rises to 
Vl-5 of its unmodulated value, an increase of 22*5 per cent. 

The average modulation depth of a broadcast trajismitter 
depends on the dynamic volume range which is broadcast. If 
a volume range of 16 decibels is used, and if the greatest amplitude 
of modulating signal is arranged to give 100 per cent, modulation, 
then the smallest signal peak will give tn per cent, modulation 
where— 
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This follows from the fact that the power contained in the sidebands 
is proportional to the square of the modulation depth, and accord¬ 
ingly we can treat percentages of modulation in the same way as 
voltages in decibel calculations. Solving the above equation- 


log 


100 


100 


= 0 - 8 . 


= 6-3. 


m = 


100 


16 per cent. 


The average modulation depth is presumably that value which is 
8 decibels “ down ” compared with 100 per cent, modulation. For 

this value we have— 

, 100 
20 logio — = 


log 


100 


= 0-4. 


100 


= 2-5. 


m — 4:0 per cent. 

If the volume range is increased to 20 decibels, then the average 
modulation depth becomes 31*62 per cent, and the lowest dept 
10 per cent. 

These values are important in receiver design. For examp e, i 
the signal deEvered by an aerial is 1 mV, and if the stage gam o 
a receiver, fed from it, up to the detector is 10,000 times, then t e 
average ampEtude of the modulated kf signal at the detector is 
10 volts, but the ampEtude* of the af signal deEvered by the detector 
will be 10 X average modulation depth = 4 volts if the transmit er 
has a dynamic range of 16 decibels. We have assumed detector 
efficiency to be 100 per cent. 4 volts will be the average amp tu e 
of the AF output : orchestral peaks will give 10 volts and qmet 

passages 1*6 volts. i j r a 

Other Methods of Modulation. Another method of modu¬ 
lating an RF carrier—and one which has certain advantages over e 
Heising circuit~is to comiect the modulated ampEfier valve and the 
modulator in series. This eliminates the necessity for the expensive 
modulation choke and output transformer, but a disadvantage is 
that the filament and associated generator and meters of one o 
these valves must necessarily be at a high potential with respect o 
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earth. In this arrangement, kno^vn as “ series ” modulation, the 
modulator valve has necessarily to operate under Class A conditions, 
as the mean anode current must be constant during modulation. 

A method of modulating which is economical in af power is to 
apply the modulation voltage to the suppressor grid of a pentode in 
the RF chain. Alternatively, the af voltage may be used as grid bias 
in an rf amplifier, this being known as grid modulation. The latter 
method is wasteful in that the rf amplifier must operate under linear 
Class B conditions so that the efficiency is limited to 35 per cent, 
maximum. Both aredifificult methods to use if high-quality modula¬ 
tion is wanted, and so their use is generally restricted to apparatus 
where extremely high fidelity is unnecessary, such as in aircraft 
transmitters and amateur equipment. 

Linear Class B RF Amplifiers. On peaks of 100 per cent, 
modulation the anode potential of in Fig. 184 (b) is increased to 
twice its normal value, which means that the power delivered to the 
aerial system is four times that of the unmodulated carrier. The 
power delivered to the aerial system per cycle of af modulation for 
100 per cent, modulation is, however, as we have just seen, 1*5 times 
that of the unmodulated carrier. Both examples show that very 
considerable audio-frequency power must be supplied by the af 
amplifier in order fully to modulate the rf carrier. As mentioned 
in the introductory chapter, modulation may be introduced either in 
the output stage of the transmitter, this being known as “ high power 
modulation ” ; or it may be introduced at an earlier stage in the 
RF amplifying chain, this giving “ low power modulation **. For a 
transmitter with high power modulation required to radiate, say, 
100 kW of RF energy the cost of building an af amplifier with 60 kW 
output would be considerable if this were designed to work under 
Class A conditions. Instead, therefore, it is customary to use a 
Class B AF amplifier, often with a comprehensive system of negative 
feedback to keep distortion at a low level. This point will be illus¬ 
trated in later circuit diagrams of transmitters. 

Alternatively, the transmitter may incorporate some rf stages 
after the modulated amplifier. This low power modulation system 
certainly economizes in af power, but in its place introduces another 
^fficulty, that of amplifying a modulated carrier without distorting 
its waveform. This can only be done economically by the use of 
Class B RF amplifiers. Class C being unsuitable for this purpose. To 
avoid harmonic distortion the Class B amplifiers must have a linear 
dynamic characteristic as shown in Fig. 186. The valves are used 
m push-pull and only one half of such a stage is iUustrated in the 
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diagram. The efficiency of a linear Class B RF amplifier is poor 
compared with that of a Class C bf amplifier or modulated amplifier, 
being about 35 per cent, average. For an unmodulated carrier the 
efficiency of a Class B bf amplifier will be given by the usual expres¬ 


sion 




From the table given earlier ~ = 1-57 when 0 — 180°, 


and clearly the voltage utilization factor ~ approaches unity as a 

limiting value, so that the efficiency has a maximum value of 
0-5 X 1 X 1-57 = 78-5 per cent. As, howwer, the average value 
of the modulation level may be only 40 per cent, the practical 



Fio. 185.—A Linear Dynamic Characteristic is necessary for Successful Ampiitication 

of Modulated rf Potentials. 


efficiency of such a stage is much lower, being, as already mentioned, 
about 35 per cent. Thus the saving in audio-frequency power 
obtained by the use of the low-power modulation system is largely 
offset by the additional expense entailed in the construction and 
use of 35 per cent, efficient Class B linear rf amplifiers. The result 
is that, from the point of view of both initial expense and per¬ 
formance, there is little to choose between the high- and low-power 
modulation systems, but high-power modulation seems to be gaining 
in favour. 

Microphones—Round-Sykes Magnetophone. Just as a 
transmitting aerial will necessarily receive, so a loudsi>eaker will act 
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as a microphone, although it does not by any means follow that 
a good loudspeaker is a good microphone, as we shall see. One 
of the earliest types of microphone to be used in broadcasting, 
namely, the Round-Sykes magnetophone, was a direct application 
of Faraday’s laws of Electromagnetic Induction and was similar 



Fio. 186.—Tho Roiind-Sykos Magnetophone. 
{liy cotirttJty of Mettrs. Mar(oni'$ Wirtlf^a TfUgraph Co., Ud.^ 


in construction to a moving-coil loudspeaker. It consisted of an 
energized magnet system with an annular gap which contained a 
spirally-wound moving-coil which acted as the diaphragm. Con¬ 
straint to movement of the diaphragm was provided by pads 
of cotton wool to which the diaphragm was secured by vaseline. 
A photograph of this microphone is given in Fig. 186. 

Pressure-doubling Effect. In use, this microphone was found 
to suffer from two main disadvantages, both due to the fact that 
the diameter of the diaphragm d was greater than the wavelength A 
of high-frequency sound wayes. All sound waves which strike tho 
diaphragm at approximately normal incidence, and having a wave¬ 
length smaller than 2(/, approximately, are impeded, and as a con¬ 
sequence they exert rather more than their normal pressure on the 
diaphragm, and the electrical output of the microphone rises 
accordingly. If the frequency of the incident sound wave is raised 
sufficiently, so that A becomes very small compared with d, then 
complete reflection occurs and the pressure exerted by the wave 
approaches double its normal value, causing an increase in the 
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electrical output of the microphone of 6 decibels. This effect can 
be compared with the action of a breakwater, which impedes the 
flow of small sea waves but allows very large ones to get round. 
If d = 3 inches, then this rise in output due to “ pressure doubling ” 
will begin to occur at the frequency for which X = 2d = Q inches. 
As the velocity of sound in air is 1,100 ft./sec., this frequency is 


given by / = - = ill?? = 2,200 c/s. From 2,200 c/s, then, for 

A 


1 

2 


2 

increasing frequency and approximately normal incidence, there is 
a rise in output which is asymptotic to 6 decibels. As a consequence, 
reproduction of the output tends to sound high-pitched and the 
“ 5’s ” in speech sound unnaturally sibilant. This pressure-doubling 
effect, being a function of the dimensions of the diaphragm, can 
occur with any type of microphone, no matter what the mechanism 
of its operation. It is most noticeable with sounds of normal 
incidence : as the angle of incidence increases, the magnitude of 
the top lift ** decreases and ultimately becomes negligible. 

Directivity of a Microphone with a Large Diaphragm. 
The second effect associated with the dimensions of the diaphragm 
gives the opposite type of frequency distortion, namely, top cut . 
Consider a sound wave of wavelength 2 inches (6,600 c/s) striking 
a diaphragm 2 inches in diameter at an angle of incidence of 90 . 
Evidently the diaphragm can accommodate one half-cycle in which 
the air has greater than normal pressure and at the same time one 
half-cycle where the pressure is less than normal. The effects o 
these two half-cycles will be destructive. We can therefore say 

that for frequencies greater than that for which ^ ~ ^ 


be a fall in the electrical output. For angles of incidence of less 
than 90° this effect is less pronounced, and in fact it is possible to 
find one particular angle of incidence for which this directivity 
effect more or less counterbalances the pressure increase due to 
diffraction (pressure doubling) and a substantially uniform frequency 
response results. This has led to the technique developed by 
broadcasters of speaking into microphones, which suffer from these 
defects, at oblique-angles. If the back of the diaphragm is cased 
In, and if sound is incident at an angle of 180 , i.e., is direct y 
incident on the back of the case, then the top-loss ” is even greater 
than for 90° incidence. This “ directivity effect ” is illustrated m 

the frequency response curves of Fig. 187. 

A large diaphragm is clearly undesirable in a microphon^ as 
it tends to make the response curve of the instrument depen en 
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Free Air Calibration 



Frequency, in c/s 


Fio. 187.—Rosponso of a Moving-coil Microphone for Various Angles of Incidence. 


on the direction of the incident sound. This is why it was suggested 
above that a good loudspeaker does not necessarily make a good 
microphone. 

Reisz Microphone. Pursuing the historical review of micro¬ 
phones used in broadcasting : the successor to the Round-Sykea 
Magnetophone was the Reisz type. This was the outcome of 
improvements made to the carbon-granule microphone used by the 
Post Office in telephones. The operation depends on the fact that 
the electrical resistance at the contact between carbon granules 
depends on the mechanical pressure between them, the resistance 
decreasing as the pressure increases. Thus, if a number of granules 
are imprisoned between a flexible metallic diaphragm and a solid 
conducting surface, the electrical resistance measured between the 
diaphragm and the back will vary in sympathy with the pressure 
and hence with any sound waves striking the diaphragm. If a 
source of dc is connected to the diaphragm and the back of the micro¬ 
phone, the current which flows will be varying DC when sound 
waves strike the diaphragm. This output current may be analysed 
into a DC and an ac component, of which only the ac is useful since 
it is a function of the sound wave striking the diaphragm. Extrac¬ 
tion of the useful AC can be achieved by use of a transformer, 



Fio. 188.—Circuit for a Roisz Carbon granule 

Microphone. 


or by an rc or choke- 
capacitance coupling 
circuit. One possible cir¬ 
cuit for a carbon-granule 
microphone is given in 
Fig. 188. By arranging 
for the polarizing current 
to flow across the cavity 
containing the granules, 
the designers of the Reisz 
microphone were able to 
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use a diaphragm of non-conducting material. Mica and im¬ 
pregnated rice paper were used successfully. The cavity was 
hollowed out of one face of a solid block of marble and current 

Marble b/ock 



Fio. 189.—Conatruction of Reisz Transverse Current Microphone. 

passed between carbon rods as pictured in Fig. 189. An external 
view of a Reisz microphone is given in Fig. 190. This kind of 
microphone, sometimes known as the transverse current type, had 
a frequency response extending from 50 c/s to 8,000 c/s, the sensi- 



Fiq. 190.—Reisz Microphone (external view). 

{By courtesy oj Messrs. Marconi's Wireless Telegraph Co., Ltd.) 

tivity being approximately— 35 decibels on open circuit compared 
with 1 volt for a pressure of 1 dyne/cm.® on the diaphragm. Having 
a diaphragm measuring approximately 3 inches by ^ inches, the 
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Reisz microphone suffered from the two types of frequency distortion 
mentioned earlier. In addition, the employment of carbon granules 
introduced other disadvantages. They give rather a high back¬ 
ground noise, a continual hiss, seemingly inevitable in microphones 
operating on this principle. Also, if the microphone is not frequently 
moved or shaken, the granules tend to settle in the bottom of the 
cavity and become more or less solid. When this effect—known 
as “ packing ”—occurs, the polarizing current rises and the sensi¬ 
tivity falls. A sharp blow restores normal performance. All carbon- 
granule types of microphone suffer from the defect that they overload 
fairly easily : there is a limit to the amount of compression that 
these granules can tolerate, and when this limit is exceeded no 
further reduction in resistance can occur. In other words, the 
microphone gives severe harmonic distortion for sound inputs 
exceeding a certain value. This overloading is termed blasting ”. 

Modern Moving-coil Microphones. The development of 
highly magnetic alloys such as Alnico and Ticonal has made possible 
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Fro. 191.—Si'ctional Vww of a .Modem Moving-eoil Microphone. 


the construction of satisfactory moving-coil microphones using 
permanent magnets, thus doing away with the necessity for a polar- 
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izing battery such as was required in the two types discussed earlier. 
A sectional view of a modern moving-coil microphone is given in 
Fig. 191 and the external appearance is shown in Fig. 192. In 
construction it resembles a very small moving-coil loudspeaker. 
(In fact, midget moving-coil loudspeakers are sometimes used as 
microphones.) The diaphragm is usually of duralumin and is 
dome-shaped to give it rigidity. The moving coil itself is self- 
supporting and is frequently wound with aluminium tape, the 
adjacent turns being securely fixed together, but at the same time 
insulated from each other, by means of phenol glue. Behind the 



Fio. 192.—External View of Moving-coil Microplione of F:g. 191. 

{By amrtesy of Messrs. MnrcotiVs WireUss Telt'i/rajfh Co., Ud.) 

diaphragm there are a number of slits and cavities designed to give 
the instrument a substantially level respon.se curve. These are so 
proportioned that the inductance and capacitance they represent 
the equivalent electrical circuit form a band-pass filter with 
9- response extending from 30 c/s to 10,000 c/s. The sensitivity of 
the microphone is approximately — 55 decibels on open circuit com¬ 
pared with 1 volt for a pressure of 1 d 3 me/cm.^ on the diaphragm. 
As the diaphragm is about inches in diameter the microphone is 
directional to high-frequency sound waves, as explained earlier. 

Condenser Microphone. A microphone ma^* be constructed 
on the condenser principle : that is to say, if a condenser consists 
of one fixed plate, the other (the diaphragm) being movable under 
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the impact of sound waves, then the capacitance of the condenser 
will vary in sympathy with the waveform of the sound waves striking 
the diaphragm. The circuit used with such a microphone may be 
as shown in Fig. 193, from which it can be seen that the capacitance 
between the plates acquires a charge from the ht source via the 



Fio. 193. Circuit Diagram for Condenser Microphone. 


resistance 'R. If the capacitance varies, then the charge on the 
plates must also vary. Consequently current will flow in R and 
the alternating component of the pd across it forms the input to 
the first valve of the microphone amplifier. 

For such a microphone to give constant voltage output for 
constant pressure applied to the diaphragm for all frequencies the 
displacement of the diaphragm must be independent of frequency. 



Flo. 194.—Construction of Condonsor Microphone 


This requires the velocity of the diaphragm to be directly pro¬ 
portional to frequency. As pointed out in Chapter VII, a stiffness- 
^ntrolled system is the only type which satisfies this condition 
Hence the frequency of mechanical resonance of the diaphragm 
must be, If possible, above the audible range. To achieve this the 
diaphragm is clamped under very great tension, as shown in Fig 194 
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This causes the sensitivity to be very low. As the microphone 
behaves as a generator of very high impedance (the capacitance is 
frequently about 200 it is impracticable to use long leads to 

convey the output over a considerable distance to the amplifier. 
It is customary, therefore, to place the first stage of amplification 
very close to the microphone. Frequently microphone and amplifier 

are housed in the same container. 

The remarks about pressure doubling and “ top cut ” caused by 



Fig. 195.—Illustrating Type of Response Curve* given by Condenser 

Microphone. 

the angle of incidence of the sound apply to this microphone as 
well as to those mentioned earlier. There is, however, an additional 
effect noticeable with this type of microphone, caused by the clamp¬ 
ing ring for the diaphragm. This forms a cavity in front of the 
diaphragm which resonates usually at a high audio-frequency, 
causing a “bump ” in the response curve, as shown in Fig. 195. 
This also occurs with some other types of microphone, in particular 
certain moving-coil varieties and carbon-granule types. 

Crystal Microphones. The piezo-electric effect was mentioned 
earlier in this chapter and it will be recalled that piezo-electric 
crystals possess the property of converting mechanical into electrical 
pressure. Such crystals can be used as microphones without the 
addition of a diaphragm, the mechanical pressure being supplied 
by sound waves in striking the crystal. For use as microphones, 
four crystals of Rochelle salt are made up into an assembly known 
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as a sound-cell ”, the construction of one being pictured in Fig. 196. 
By cutting a crystal of Rochelle salt at suitable angles to the majoi* 
axes it is possible to obtain slices which either expand or contract 
when potentials are applied to electrodes placed on their faces. 
If one of each type is chosen and the two are securely cemented 
together, rather in the manner of the bimetal strip used in thermo¬ 
stats, we obtain a ” bimbrph element ” which will bend when 
potentials are applied to it. Such elements are used in crystal 
gramophone pick-ups and in “ tweeter ” loudspeakers used for 



soi/ncf hvat/e 

Fro. infi.—CouBtruction of '‘Sound-cell" ns used in Crystal Microphones. 

Dotted lines show shnpo of deformation of orystnla under impact of sound waves. 

reproducing high audio-frequencies. A sound cell comprises two 
such bimorphs arranged ” back-to-back ” so that their emf’s are 
additive when pressure is applied to the bimorph, as pictured in 
Fig. 196. The crystals used have resonant frequencies above the 
audible range. Microphones may contain only one or a number of 
such cells. The dimensions of each cell are so small that pressure 
doubling and the other associated effects are practically non¬ 
existent and consequently the shape of the response curve is the 
same for all directions of incident sound. 

Ribbon Microphones. In all the microphone types considered 
so far, the diaphragm moves as a consequence of pressure exerted 
on the front of it by the sound wave. The back of the diaphragm 
IS closed in so that the air pressure behind the diaphragm is atmo¬ 
spheric and constant. Microphones operating in this way are said 
to be ‘‘pressure-operated ”, If the diaphragm is exposed to the 
atmosphere back and front so that the pressure is varying at both 
pla^s, then any movement of the diaphragm that does occur must 
he due to the difference in pressure between front and back of the 
diaphragm. This pressure difference is proportional to the slope 
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of the pressure-distance curve for the sound wave in question and 
this has a very close connection with the particle velocity of the 
sound wave (i.e., the speed of movement of the air particles them¬ 
selves). This fact has given the name “ velocity operation to the 
principle of operation of microphones in which the diaphragm is 
thus exposed on both sides to the sound wave. The ribbon micro¬ 
phones used so extensively in broadcasting to-day (they are termed 
“ velocity ” microphones in the United States of America) are 
examples of this type. The construction of a ribbon microphone is 



Fig. 197.—Construction of a Ribbon Microphone. 


obvious from Fig. 197, while Fig. 198 shows the external appearance. 
It consists of a ribbon of aluminium or duralumin suspended in 
a parallel magnetic field between two soft-iron pole pieces attached 
to a permanent magnet. The output voltage is thus generated 
according to Faraday’s laws of electromagnetic induction and is 
given by vHlf where v = velocity of movement of the ribbon, 
H = strength of the magnetic field, and I — length of the ribbon. 
To get constant voltage from the microphone, therefore, the velocity 
of the ribbon must be constant. To find the force acting on 
the ribbon we can use Fig. 199 and Fig. 200. The former gives a 
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Fig. 198. —Outward Appoaranco of 
Ribbon Microphone. 

(By courUni/ of Messrfi. Marconi's WirrUts 
Teugraph Vo., lAd.) 



simplified view of the top of the 
microphone, showing the rib¬ 
bon and pole pieces. The path 
difference between the front 
and back of the ribbon, 
measured around the pole 
pieces, is indicated by d. 
This is a most important 
dimension since the pressure 
difference which moves the 
ribbon is assumed to be the 
same as between any two* 
points separated by a distance 
d in the path of a sound wave 
as indicated in Fig. 200. For 
a given value of d, the value 
of the pressure difference will 
clearly increase with decrease 
in wavelength, i.e., with in¬ 


crease in frequency, until d 



at which frequency the pres¬ 
sure difference is a maximum. 
Provided d is small compared 
with A, the pressure difference 
is approximately proportional 
to frequency. From the work 
done in Chapter VII on electro¬ 
acoustics, we can see that in 
order to obtain constant 
velocity of movement in a 
mechanical system with an 


applied force which is directly 
proportional to frequency we must have mass control. This requires 
that the resonant frequency of the ribbon should be below the 
audio-frequency range. In practice it is usually 20 c/s or less. 
The upper frequency limit is set by the dimension d. If a sub¬ 
stantially linear response is wanted up to, say, 9,000 c/s, then 

d = at 9,000 c/s, 



12 X 1,100 

T^oTToo 


0-73 inch. 
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Thus the distance around the pole pieces should be about J inch, 
which means that the pole pieces must be particularly thin. 

In the B.B.C. ribbon microphone, d is made equal to IJ inches, 
so that velocity operation carries the response up to 4,500 c/s. 
The octave frequency range between 4,500 c/s and 9,000 c/s is 
‘‘ filled in ** by the provision of resonant cavities at the front and 


Ribbon 



'— Pofe - pieces —^ 

Fio. 199.—lUustrating the Path Difference “d” in a Ribbon Microphone, 

back of the ribbon, produced by chamfering the edges of the 
pole pieces. These cavities have the effect pf increasing the pressure 
on the front of the ribbon so that at 9,000 c/s (where A = 1-5 inches), 
at which frequency one expects the pressures at back and front 



Fig. 200.—^The Pressure Difference caused by a Path Difference of “ d 

of the ribbon to be equal, they are, in fact, not equal and an output 
is obtained. The microphone is sometimes described as being 
pressure-operated ** over this frequency range. 

The ribbon is inches long, J-inch wide and normally less than 
0*0001 inch thick. It is corrugated horizontally to prevent it curling 
at the edges. Due to the very small width, no frequency distortion 
is possible when sound arrives at oblique incidence in the horizontal 
plane. The microphone is double sided and the sensitivity is pro- 
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portional to the cosine of the angle of incidence, so that the polar 
diagram is the well-known “ figure of eight ” given in Fig. 71 (6) 
in Chapter V for an elemental strip of aerial. The useful arc in 
which the sensitivity does not vary more than i 2 decibels, subtends 
100® on each side of the microphone, making a total of 200®, compared 
with 60° for the moving-coil type. The sensitivity of ribbon micro¬ 
phones is very low, being about ~ 70 decibels on open circuit com¬ 
pared with 1 volt for a sound pressure of 1 dyne/cm,* This is 
roughly equal to the threshold of hearing at 1,000 c/s. 

Combined Types of Microphone. It has become customary 
ifi recent years, particularly in the United States of America, to 
use two separate microphones in one case, one a pressure type 
(a moving-coil, for example) and the other a velocity type (a ribbon, 
for example), their outputs being combined. The aim is to produce 
a microphone with a polar diagram in the shape of a cardioid. This 
would mean a single-sided microphone with a very large angle, of 
the order of 180°, in which the response is substantially uniform. 
One of the difficulties is that the shape of the resultant polar 
diagram, due to the use of a moving-coil type, will be a function 
of frequency, so that there is a possibility of frequency distortion 
occurring at certain angles of incidence. 

Characteristic Impedance of Transmission Lines and 
Concentric Cables. In Chapter V some information was given 
about the distribution of rf current and potential in a free-ended 
conductor, the energy being introduced at the grounded end. We 
were then particularly concerned with the approximately sinusoidal 
distribution occurring in vertical and horizontal wires just a quarter 
or half a wavelength long. From the work done in that section it 
will be clear that the distribution of rf energy along a horizontal 


wire exactly an integral number of half wavelengths long will be as 

3A 

shown in Fig, 201, which is drawn for the case when I = As 


indicated in this diagram, if the earth is perfectly conducting then 


the radiation is such that there exists effectively a mirror image in 
the ground. Electric w'avcs set up in the wire by the generator 
travel along the wire and are reflected at the free end. These 


reflected waves will interfere with others subsequently set up by the 
generator, the result being reinforcement or cancellation, depending 
on the phase relationship between the two waves. The phase 
relationships differ at different points along the feeder and standing 
waves occur as shown in Fig. 201. This diagram can be taken to 
represent the conditions occurring in a twin-wire feeder or a con- 
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Fio. 201.— Distribution of rf Potential and Current in a Wire Parallel to the OrAimd 

and Wavelengths Long. 

centric cable by regarding the earth image as the second conductor 
or outer conductor res^ctively. In order to use a transmission lino 
or a co-axial cable satisfactorily for conveying ef energy from one 
point to another, standing waves must be eliminated. Their 
presence on a conductor necessarily implies mis-matching and con¬ 
sequent loss of energy ; standing waves are therefore desirable in 
aenals and undesirable in aerial feeders. To avoid such waves in 
the fiMder this must be correctly terminated. It can be shown 
experimentally that if the end of a feeder be terminated in a resis¬ 
tance which is variable, then the standing waves disappear (i.e., 
the power contained in them is absorbed) and the current distribu¬ 
tion becomes uniform throughout the length of the feeder when the 

terminating resistance is equal to the value of known, in 

spite of its purely resistive nature, as the charaSeristic or surge 

impedarux of the feeder. The value of this depends only on the 

physieal c^eMions of the feeder and is independent of frequency. 

For a twin-wire feeder tfie characteristic impedance is given by 
Z(^ in the expression— ^ 

z, = 276 log,,^ 

where D = distance between the centres of the conductors in any 

umts 
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and d — diameter of each conductor (assumed equal) in the same 

units. 

Values vary in practice from 400 to 800 ohms. 

For a concentric cable— 

Zq = 138 logio^ 


where D = diameter of the outer conductor in any units 
and d = diameter of the inner conductor in the same units. 


In co-axial or concentric cables the values of Zq are generally lower 
than for spaced wires or transmission lines, a typical value for a 
co-axial cable being 75 ohms. 


E 


The value of j at any point in a feeder or co-axial cable, known as 


the driving-point impedance, depends for its nature (i.e., phase angle) 
on the relative phases of potential and current at that point. It is 
clearly not always purely resistive, and may have practically any 
value. Its reactive component is zero at the points of rf current 
maxima and minima. At particular intermediate points the resis¬ 
tive component of the driving-point impedance will equal the 
characteristic impedance of the cable, so that if the reactive com¬ 
ponent of the driving-point impedance could be neutralized at this 
point then this will be another method of eliminating the standing 
wave. Further information about this will be found in the section 
on aerial matching in sw transmitters. 

It is interesting to note that a quarter-wave conductor may be 
used as a matching transformer for energy at a particular frequency. 
As shown in Fig. 202 (a), as a consequence of the sinusoidal distribu¬ 
tion of RF current and potential, the driving-point impedance of a 

^ bar varies ideally from zero to infinity, from a short circuit to an 


open circuit, so that matching can be achieved as shown in 
Fig. 202 (6). This shows a generator of resistance ohms coupled 
to a load of resistance ohms, the former being the greater for 
the positions depicted. 


Broadcast Transmitters. Fig. 203 gives a simplified circuit 
diagram of a medium-wave broadcast transmitter with low-power 
modulation. The carrier generated by the crystal-controlled 
oscillator is first amplified by the triode Fj, which works under 
Class C conditions and is neutralized by means of the bridge circuit 
described at the beginning of Chapter VII. Vt is a transmitting 
type tetrode, also working under Class C conditions, which further 
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Fig. 202. — (a) Distribution of rf Potential and Current in a ^ Wave Aerial, and 
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(6) Method of using a pair of Bars as a Matching Transformer. 


increases the amplitude of the carrier and generates sufficient bf 
power for the successful operation of the push-pull modulated 
amplifier which follows. Transmitting tetrodes differ from the type 
used in receivers in that they are usually operated with a screen 
potential equal to about one-third of the anode potential. It should 
be noted that the bf section in transmitters does not consist of a 
chain of voltage amplifiers (as is usual in af amplifiers), but is rather 
a sequence of power output stages, each stage operating under 
Class C conditions and supplying the bf power associated with the 
grid current demands of the succeeding stages. V « and V 4 are a pair 
of similar triodes operating in neutralized push-pull and forming the 
modulated amplifier. The remaining four valves, Fj to Fe» in the 
BF section are water-cooled triodes acting as linear Class B amplifiers 
connected in a neutralized parallel-push-pull arrangement commonly 
encountered in transmitter design. If each of these valves is of, say, 
76 kW anode dissipation, then the approximate undistorted power 
output of the transmitter will be 0*35 x 4 x 76 = 105 kW, if the 
Class B stages are assumed 36 per cent, efficient. The circuit 
diagram could very easily be considered as that of a low-power 
transmitter with high-power modulation by omitting the valves V s 
to Fg and coupling the aerial to the tank circuit of valves F 1 and F 4 . 
Its power output would then be in the neighbourhood of 1 kW. 

The Amplifier. The AF amplifier of the transmitter, 
valves Fb to F 14 , is required to supply an imdistorted audio¬ 
frequency output of about 0*5 kW in order fully to modulate the 
carrier generated by F* and F 4 . The output stage consists of two 
large triodes Fis and F 14 in push-pull, operating in Class B con¬ 
ditions. It will be noted that the modulation choke L has only to 
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carry the anode current of F® and F* and that the ap output trans¬ 
former has only to carry the anode current of Fia and F 14 in its 
primary with no do in its secondary winding, this being effectively 
in parallel with the modulation choke, the reactance of C being small 
at audio-frequencies. This is better than the more obvious method 
of dispensing with the modulation choke and feeding F 3 and F* 
directly via the secondary of the output transformer. In order to 
secure precise equality in the outputs from Fis and F 14 , potentio¬ 
meters are included in the grid circuits, as shown in the diagram, 

the individual grid bias 
values and the amplitude of the ap signals applied to each valve. 
Such devices, whereby small differences between valves nominally 
identical may be corrected, are frequently encountered in trans¬ 
mitter design. The same type of equalizing circuits are used in the 
penultimate push-pull amplifiers Fn and Ft, which are triodes in 
Class A conditions. They are power amplifiers supplying the energy 
associated with the grid current of valves Ft, and Ft*-. F, and F 10 are 
push-pull voltage amplifiers, rc coupled to Fn and Ft, respectively. 

Aerial Coupling Arrangements* The transfer of rp energy 
from the final tuned circuit to the aerial is made in the transmitter 
circuit shown in Fig. 203 by means of a co-axial cable. As explained 
iu a previous section, to obtain efficient transfer using such a 
system it is necessary to terminate the co-axial cable at both ends 
by a purely resistive load equal to the characteristic impedance of the 
cable. Two examples of impedance matching are thus reqxiired in 
the connection between aerial and tank circuit. The rp output 
transformer is designed to make efficient energy transfer from a 
source of resistance equal to the optimum load of the parallel-push- 
pull output stage to a resistance equal to the characteristic im¬ 
pedance of the co-axial cable ; expressed differently, the trans¬ 
former “ matches ” the output load to the cable resistance and the 
condition for successful matching is just the same as that discussed 
in Chapter VII for accurate matching between output valve and 
loudspeaker. For that case, we had, for perfect matching— 



where and J?, are the resistances of source and load, respectively, 
and Li and L, are, respectively, the primary and secondary induct¬ 
ances of the output transformer. This easily simplifies to the con¬ 
ventional form— 



and by means of these it is possible to vary 
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la RF transformers, such as we are now’ discussing, the coefficient of 
coupling between the windings is unlikely to be unity so that the 
most convenient statement of the matching condition is— 

■Ri _ 

R% k^Lx 

in which k is the coefficient of coupling between the windings. 

It is interesting to observe the method of changing from balanced 

to unbalanced conditions in the rf output transformer. The 

secondary winding is in two parts, wound in opposite directions and 

connected so that their emf*s are additive. On accoimt of this the 

winding behaves as though it is centre tapped with its middle point 

earthed, and thus the symmetry of the output stage is preserved 

despite the fact that the outer conductor of the co-axial cable is 
earthed. 

A transmitting aerial may be regarded either as a capacitance in 
series with a resistance or as a capacitance in parallel with a resist¬ 
ance. If the former pase is preferred, then for a radiator a quarter 
of a wavelength long the resistance has a value of approximately 
40 ohms ; if the second alternative is considered, then the shunt 


resistance has an 


approximate value of- 

a)*cV 


ohms, in which r is the 


series resistance and c is the value of the capacitance. The parallel 
resistance may thus be made practically any value we please by 
suitable choice of the value of c. The value of this capacitance is 
therefore chosen so that the value of the parallel resistance equals 
the characteristic impedance of the co-axial cable, thereby achieving 
perfect resistance matching. This is not the whole story, however.. 
The reactance of the aerial network must also be neutralized. This 
may be done, as shown in the circuit diagram, by adding an induct¬ 
ance in series with the aerial coupling network, the positive reactance 
of the inductance being exactly equal to the resultant negative 
reactance of the aerial circuit at the carrier frequency of the trans¬ 
mitter. The matching circuit so developed is known as the L-type. 
It is important to realize that all the energy developed by the output 
valve must inevitably go into the aerial if all the matching com¬ 
ponents are pure reactances, no matter what their value, since the 
aenal is the only pure resistance present; but the output power of 
the mal valves can only be a maximum when their anodes are 
looking into ” the correct value of anode load—and this can 

only occur when all the matching reactances are of the correct 
values. 


Short-wave Transmitter. Fig. 204 shows a simplified circuit 



SHORT-WAVE TRANSMITTER 333 



Fio. 204.—Simpli6ed Circuit Diagram of 100 kW Short-wave Broadcast Transmitter. 
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diagram of a 100-kW short-wave broadcast transmitter using high- 
power modulation. The bf section, valves Fi to is particularly 
simple, consisting of neutralized Class C push-pull stages throughout, 
with triodes of construction suitable for working at the high fre¬ 
quencies involved. V g and V e form the modulated amplifier, 
modulation being achieved by the same parallel-fed method as 
described for the previous transmitter. 

The AF amplifier, valves F, to Fi*, is necessarily larger than for 
the previous transmitter as it has to modulate 100 kW of rf power, 
compared with about 1 kW for the previous case. A four-stage 
push-pull amplifier is used, each working under Class A conditions 
except for the final stage, which is of the Class B type. Similar 
arrangements are made for accurately matching each pair of valves, 
and a system of negative voltage fe^back is used to improve the 
performance of the amplifier. As shown in the diagram, a fraction of 
the alternating voltage developed across the primary of the output 
transformer is taken and fed to the input of the first stage, where it is 
allowed to oppose the input signal in phase via an af transformer. 
The negative feedback thus acts over four stages and is hence 
extremely effective in reducing harmonic and frequency distor¬ 
tion. In some modern transmitters, particularly in the United 
States of America, the negative feedback is made even more effective 
by rectifying a small portion of the modulated output obtained via 
a condenser from the aerial feeder, and using the rectified af output 

so obtained partially to neutralize the af input to the modulation 
amplifier. 

In the simplified circuit diagrams no indication has been given of 
the numbers of meters used for checking the performance of the 
various stages. A view of a modern transmitter is given in Plate 
VIII, opposite page 193, showing the type of construction favoured 
to-day and the division of the equipment into stages. 

The performance of modern broadcast transmitters leaves little 
to be desired as far as audio-frequency fidelity is concerned. Their 
response curves are usuaUy flat within ± 1 decibel from 30 c/s to 
10,000 c/s, and their overall efficiency, including all ht and LT 
supplies, is about 40 per cent. 

Aerial Matching in Short-wave Transmitters. One differ¬ 
ence between short-wave and long-wave transmitters is that the 
radiators used in the former are resonant so that their impedance 
at the carrier frequency has no reactive component and is purely 
resistive. The matching problem at the aerial end of the feeder, 
which IS usually of the spaced-wire type in short-wave transmitters, 
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is the comparatively simple one of matching two pure resistances. 
One way of solving this problem is to insert between the feeder 
and the aerial a quarter wavelength of additional feeder, the dimen¬ 
sions of which are such that its characteristic impedance is the 
geometric mean of the aerial resistance and the characteristic 

impedance of the main feeder. This method is illustrated in 
Fig. 205 (a). We have then— 


characteristic impedance of inserted ~ section = VZqB 


where 

and 


Zo = characteristic impedance of main feeder 
B = radiation resistance of aerial array. 



Fio. 205. 


Alternatively a quarter-wave matching transformer may be used, 
as explained earlier. 

A further method (shown in Fig. 205 (6)) is to suppress the 
standing waves in the main feeder by attaching “ tails ” or stubbs 
to it at a point near the radiator where the resistive component of 
he driving-point impedance is equal to the characteristic impedance 
of the feeder. The length of the tails should be such as to provide 
the reactance necessary to neutralize the reactive component of the 
driving-point impedance at this point. 

Radio Telephone Transmitters. In addition to their obvious 
applications in broadcasting and telegraphy, radio transmitters are 
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used for linking telephone systems in different countries. Some 
degree of secrecy is clearly desirable in communication by radio 
telephone and various methods are available for achieving this. As 
the transmission is from point to point and is usually carried out on 
short waves, very narrow beams are permissible and this, in itself, 
gives some degree of secrecy, though not sufficient. 

One method used is to eliminate the carrier frequency and one 
entire sideband of a conventional am transmission, which, incident¬ 
ally, results in a considerable economy of transmitter power. Such 
a transmission is unintelligible when received on a normal broadcast 
receiver, for it is necessary to supply the carrier at the receiving end. 
The BFO (Beat Frequency Oscillator) of a normal communications 
type receiver may be used for this purpose though more elaborate 
receiving equipment is used at post office receiving stations. 

Another method of rendering speech unintelligible is to “ invert ** 
it before using it to modulate the transmitter. If the speech 
frequencies are limited to the range 250-2,750 c/s, which is the range 
of the normal telephone instruments, then they can be mixed ” 
with a steady 3,000 c/s tone in a frequency changer circxiit. The 
output will be in two ranges, namely, 250-2,750 c/s and 3,260- 
5,750 c/s. If the latter band is suppressed in a suitable filter, then 
the former can be used to modulate the transmitter. The modulat¬ 
ing signal is clearly “ inverted ”, for a speech frequency of 260 c/s 
becomes 2,750 c/s as a result of the frequency changing process, 
and similarly a frequency of 2,750 c/s becomes 250 c/s. This type 
of transmission can also be made intelligible with a communications 
type receiver by adjusting the bfo to precisely 3 kc/s above or below 
the IF value. 

Possibly the most successful of all secrecy methods is ** scram¬ 
bling ”, The speech range 250-2,750 c/s is divided up into, say, 
four bands by filter circuits. Each band is then “ mixed ” with a 
steady tone of a particular value, and one of the resulting frequency 
ranges is suppressed in a filter. The four resulting bands are then 
combined and used to modulate the transmitter. Only complex 
apparatus can ” unscramble ” transmissions of this type. 

Television Transmitters. A television transmitter is possibly 
the most complicated example of radio equipment to be mentioned 
in this book, and it is therefore hardly necessary to state that a full 
description of one is impossible here. The transmitter RF circuits 
must resonate in the ultra-short waveband at the carrier frequency 
and the modulation amplifier must be capable of handling vision- 
frequencies up to at least 2 Mc/s. A block schematic diagram of the 
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associated equipment for supplying synchronizing impulses is given 
in Fig. 206. The timing unit incorporates an oscillator operating 
at the mains or frame repetition frequency, and a series of frequency 
multipliers and dividers which derive the line repetition frequency 
from it. It includes a device for comparing the generated tone 
with the supply mains and for automatically ehminating any 
difference which may exist between them. A similar circuit is used 
for carrier frequency stabilization in fm transmitters and reference 
should be made to the description of this given in the next section. 
The two outputs of the timing unit are of sinusoidal waveform 
and are unsuitable for immediate use as synchronizing impulses. 
The shape of the waveform is changed in the vertical and horizontal 
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Fio. 206.—Block Schematic Diagram of Equipment associated with a Television 

Transmitter. 


shaping units, each of which has three independent outputs. The 
horizontal shaping unit provides horizontal synchronizing impulses 
of suitable waveform for insertion in the vision signal which is 
received at the control amplifier via a co-axial cable from the 
iconoscope and its pre-amplifier. Blanking impulses of slightly 
longer duration for suppressing the picture modulation during a 
83 mchronizing impulse are also generated here. Finally, this unit 
also supplies impulses at line frequency to the time base controlling 
the horizontal scanning of the electron beam in the iconoscope. 
The vertical shaping unit provides three similar outputs at frame 
frequency, but the vertical synchronizing impulses are not fed 
directly to the control amplifier but go via the horizontal shaping 


z 
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unit where they are mixed with the line synchronizing impulses to 

form the composite vision signal. The control amplifier has facilities 

for the fading in of images and the control of their contrast and 
brilliance. 

FIVI Transmitters, There are several methods of frequency 
modulating a carrier wave. That indicated in the block schematic 
diagram of Fig. 207 and the simplified circuit diagram of Fig. 208 
is possibly the simplest. The carrier is provided by the Hartley 
oscillator Vs- This is frequency modulated by the two push-pull 
valves Fe and F„ which are reactance modulators. That is to say, 
they behave as a reactance (actually capacitive), the magnitude of 
which varies at an audio rate in sympathy with the audio-frequency 
signal applied to the grids from the af amplifier F,o and Fn. The 
RF feedback circuit in the modulating stage is used to improve its 
performance. It is obvious that Fg cannot be crystal controlled 



^er/a/ 


Fio. 207.—Block Schematic Diagram of one typo of fm Transmitter. 


for Its frequency varies with the modulation ; yet there is a need, as 
great as in am transmitters, for aceurate eontrol of the frequency of 

Iv 1 -iOn' r •'“"♦'■oPed oscillator working at a frequeney, 

rr T’ t’• allotted carrier frequency, and its 

output IS applied to tlie screen of the kp pentode 7..1he eontrol JS 

of which IS energized from the modulated output of V,. T. aceSd- 

fr.V«.n°; of”’,.'"‘"’S' 

oriminMor clrei.lt l„„cd to ],500 kc/,,',„d11eSlSTvol'“^ pro! 

C T difference frequency from 1,600 kc/s 

This discriminating voltage clearly fluctuates with the modulation 

frern'T B ® to give negative 

back by including it in scries with the output of the U 

amphfier. After all modulation fluctuations have been removed 
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z* 


ransmitter of the type shown in Fig. 207. 
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from the discriminating voltage by the use of an RC circuit with a 
large time constant, a fraction of it is applied to the grid of F#, 
which controls the screen potentials of F« and F 7 , so that the mean 
carrier frequency of the modulated oscillator is acciirately main¬ 
tained at its allotted value. F» and subsequent rp amplifiers are 
required to amplify the pm wave which is of constant amplitude ; 
consequently they may work at the maximum efficiency of Class B 
RF amplifiers, 78*6 per cent. 

The AF response of pm transmitters is generally superior to that 
of AM medium-wave transmitters, the response extending from 
30 to 15,000 c/s with a deviation of less than 1 decibel. 
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SIMPLE HARMONIC 

MOTION 

Consider the equation x = a sin (o)t -j- 6). 
Successive differentiation with respect to 

t gives— 


dx 



— = OKI cos (oyt + b) 


and 

d^x 2 '/ 4 1 k\ 

— == — co^a sin [cot -h o). 

Hence 

d^x 



This is the diflFerential equation of simple harmonic motion. The 
original equation indicated that the motion was periodic, its period being 

the time in which {oit -f b) increases by 27i\ i.e., being 

The differential equation shows that if the acceleration of a body is 
proportional and opposite to the displacement of the body, then the 
condition for shm is established. 

Note. An equation A — sin oyi indicates an shm of period —. 

The problem may be viewed in the light of a mechanical definition, 
viz., if a point Q describes a circle AQB with constant angular velocity 
and if P is the orthogonal projection of 0 on a fixed diameter AB of the 
circle, then the motion of B along AB is called simple harmonic. 
Fig. 2 illustrates the derivation of the sine curve on this basis. 
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FOURIER ANALYSIS 


Harmonic (and other periodic or aperiodic) motions may be combined 
together by the usual method of vector summation, or by pure mathe¬ 
matical processes. 

Conversely, given any function y ==/(a:). it is, in general, possible to 
expand it in a series of terms representing periodic functions which will 
together give some indication of the constitution of the function. Such 
analysis is termed Fourier Analysis (after the French mathematician,. 
1768—1830), and the resulting set of terms is called a Fourier series. 

Such a series is usually obtained in the form— 



* 


where 

and 


1 T” 

On = — I /(O* 

J "^7% 

=y: 


cos nt dt 


/(O-sin n< dt. 


The actual performance of such an analysis is beyond the scope of this 
note, but as an illustration of the possibilities we quote one result. 
II/(a:) = X from — to jr, it is possible to express f{x) in the form— 


;^sin a: — i si 


sin 2x + Jsin 3x -f . . . -f (— l)"+i.~sin nx + . 

n 



The results of plotting, for values of x from — n to n, the curves 


y = 2 sin .r, 
y = 2 sin X — sin 2r, 
y = 2 sin X — sin 2a: -f f sin 3x, 
y = 2 sin X — sin 2x + § sin 3x — i sin 4x, 
are shown in Fig. 209 (a), (6), (c), (d). 

The original complete function y = x is also shown on each diagram, 
and it is possible to see that the more terms taken of the series, the more 
nearly docs the resulting curve approach that of y = x. 

The diagrams also illustrate the effect of superimposing one sinusoidal 
curve upon another (or others), e.g., Fig. 209 (6) shows the joint effect of 
sin 2x added to Fig. 209 (a), and so on. 
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APPENDIX III 


di 


SOLUTION OF THE EQUATION Hi = E 

dt 

The equation may be written ^ ^ which is of the type known 

as “ first order linear ”, and is solved by the use of an integrating factor, 
viz.— 

{^di 

eJi " = eL \ 

If we multiply both sides of the equation by this, the left-hand aide 
becomes— 


and the right-hand side— 




E 


(a) If E — E^. If this is so the equation becomes- 


df. ^.t\ Eo 


On integration this gives 


5.1 5.1 


+ A, 

where A is the constant of integration. 
Therefore 


If 


• -^0 . 

» = ^ + A.e i*. 

i = 0 when / = 0, then A = — 


and the final solution is 


R 


‘ = §•(■ - 


(6) If E 



and hence 


so that 


if 


i.ei' = A. 

R 




* = A.e L‘*; and = 

* = ^ when t — 0. 


R'^ 


Z' 
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(c) If E = Eq sin o}i. In this case we have 


d(. ^.A E^sincoi 


We shall therefore require the value of 


which we will call J. 

On integrating by parts, 


j* sin (oi.eL * dt. 


L ^ 

I = -g.eI■^sin (ot 

li 


LojC 

”^J 


cos (ot.eL' dt 


which gives, on integrating the last term by parts 


, L ^ Lco(L ^ Lo),} 

I = ^.eL ,8m(ot — —^~.eL .cosco/ + —/L 


Hence— 




{L^(o^ + R^)I — ei' {LB since/ — L^oj cos (ot) 

L 5 - 


Let 


and 

Then 


I = V o o . (1^ sin cot — Leo cos cot) 

L^co^ + ic* 

tan 6 = so that sin 0 = . - 

^ VLW + 


cos 6 = 


-f- R^ 








But 


■ I' ^of . 

=XJS' 


since/.€^ dt 


a.t 


V ^ w I 

where A is the constant of integration. 
Slnally, 









APPENDIX IV 

WORK DONE DURING HYSTERESIS CYCLE 

Consider an iron cylinder, radius r cms., length I cms., wound with 
n turns of wire per centimetre. Let the magnetic field within it, H, due 
to a current, i, be given hy H = ^ni lines per square centimetre. If the 
induction inside the cylinder is B, then— 

total number of lines in section = N = B.jxr-. 

It thus follows that the total number of linkages of lines with conductors 
is given by Nnl = 



If the current i, and thus R, varies with time, then the magnitude of 
the back emf, R, so created is given by the expression 

or more strictly ' 

at 

34c> 
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Now the work done during this change of current is given by 

E.i.dt = dB.nr^.nl.i 
_ dB{^ymi)(nrH) 


and hence work done 


47C 

H.dB.v 

4:71 


where v = Tir^.l = volume of cylinder in cubic centimetres. 

H.dB 


Therefore work done per cubic centimetre of iron = 




_ area of elementary st rip in Fig. 210 

471 

Hence work done per cubic centimetre when H varies from 0 to 

~ area of curve OAB. 

Work regained as H varies from to 


dB 


= — 


H.dB 


= area of curve ABC'. 

Therefore net work per cubic centimetre for cycle OAC 

area of OAC 


4n 


ergs 


ergs per cubic centimetre. 


Similarly the work done during the complete cycle OACDEFQ is given 
by- 

area of complete loop 

471 

This work takes the form of heat and hence the rise in temperature 
per cycle is given by— 

area of loop , 

—j- 7 ^ degrees centigrade, 

477«w«5 • c/ 

where d — density of iron in grams per cubic centimetre, 
a — specific heat of iron, 

J = mechanical equivalent of heat in ergs per calorie 

(i.e. = 4-2 X 107), 
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SOLUTION OF THE EQUATION 

dt^ RG R 

The solution may be obtained by methods very similar to those of 
Appendix III. On multiplying both sides by the inteeratine factor 

\±dt * 

J nn 


e-*iic , that is, enc we obtain 




di 


. + 


^ E ' 


pRC — ~ f,RC 

RC'^ ~ R'^ 


and so, by integration, we have— 

t_ _t_ 

q.e^^ = CE.t^^ A. 

If E=^E, 


If 

and so finally 


If E = 0 


q = CE^-\- A.e 

g = 0 when t = 0, then A = — CE^ 


q = CFo(l - e 


If 

giving- 


q — CEq when t = 0 then A = CE, 


q^CE^.t 


SOLUTION OF THE EQUATION 


di i E^to 
dt^ ~RC ~ R 


Multiplication by the integrating factor gives 


di — 

_ pRO _|_ 

dt ^ RC 


t 


cos (ot.e^^. 


R 


I 


In the integration we require the value of ^jcos This 

can be obtained, as in Appendix III, by integrating twice by parts. 

In this way we find— 
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R 



cos ioi dt = 


E. 


t 


a)^C‘ 


(sin 6 cos cot + cos 6 sin (ot)e^^ 


where 


tan 6 — 


coRC 


Then, from the.original equation 


i . = 


E. 


t 



Therefore 


R^ + 


E. 


-—sin {cot d)e^ + A. 


CO 202 




+ co»C» 


sin {cot 6) A.e 
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SOLUTION OF THE EQUATION 

d^i di * 

^ ^ + hH = ^o.cos cot 

Obtaining first the complementary function (equivalent to the solution 
of the equation with the right-hand side zero), we try a solution of the 
type j ■ This, substituted in the left-hand side, gives 

+ km 4- A3 = 0. 

If we call « and ^ the roots of this quadratic equation we have- 

— A — Vk^~~— 4A3 


a = 


k + Vk^ 4*2 


and p = 


2 ' 2 
and the complementary function has the form_ 

i = _|. Be^. 

We will consider the various cases separately. 

(a) If *2 > 47,2 both powers of e are real and negative. The value of » 

Tf becoming zero when t becomes infinite, 

(ft) It * < 4* , the powers are complex. If we put them equivalent 

to li + p, and u — jv, where u = ~ and v ^ the solution 

may be placed in the form— 

i = 4- 

= e*^{A(cos Vi 4- j sin vt) 4- B{cos vt — j sin vi)} 

= e-2(^' cos \Vih^ - k^.i + B' sin iV 4 *» - ii:».0 
= Fe 2 sin (1^4/12 _ *2 7 q_ 

This expression represents an oscillatory motion with variable 

amplitude e“ 2 , which gradually dies away. 

It follows that the solution to the equation_ 

dH Rdi i 
dt> + Ldt + LC^^ 

obtained by the substitutions - = A- • J_ij 

L ’ LC ’ 


u. 


(c) If k — 0, the original equation is 

dH 


i?3 

4L2 






dt* 


-f hH = 0, 
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and tho solution is— 

i = A sin (hi + ?j). 

We are now required to add to the complementary function the 
particular integral obtained by considering the term on the right-hand side 
of the original equation. If we rewrite the equation with operator nota¬ 
tion, we have— 

(D^ + + ^*).t = ^0 cos cot. 

The particular integral is then given by 

1 




i)2 + ii) + 

Substituting — ct>® for D®, 

1 


cos cot. 


1 = 


-a>2 4- *D -h ^2'“" 

kD — (h^ — ct>2) 


. Bf, COB cot 


— k^co^~ (h^-co^)^'^^ 

1 


. Fn cos cot 


k^co^ + (hK— co^y 
Eo 


, {— kD 4- (h^ — co^)}.Eq cos cot 


kW 4- (A2 — m2) 


2 . {k(o sin. cot — (co^ — h^) cosm<}. 


If we write 

tan 6 = 
and therefore 


Ct)2 — 


ho 


sin B = 


co^-h^ 


and 


cos 6 = 


we have— 


t = 


VkW + (a>^ — 

_to_ 

Vi^co^ 4- (m2 — A*)* 

^0 sill (oit — 0) 


Vk^co^ 4- (h^ — co^)^^ 

The complete solution to case (6) is hence 

^ ^ E„ sin (mt - 9) j-e"!sin (\V4Ji^ -k^.t + y). 

Vk^Q}^ + (*2 - (U2)2 

On substituting for h^, ^ for k and %Et for E^ this gives- 

IjLj Jd Ij 


LG .* L 

\ 

t z= -^0 sin (cot — 0) 


+ 


(V 


ig2 

4^2 
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A NOTE ON DIMENSIONS 


For complete specification of a physical quantity we require a'standard 
or unit of measurement. 

Units of mass, length, and time are termed fundamental units ; that 
is, those defined without reference to an 3 dihing else. Other quantities 
are deemed to be expressed in derived units, connected to the three 
fundamental units by arbitrary definition. On the basis of these three 
units (usually denoted by M, L, T) can be built up the dimensions of the 
derived units. For example, velocity (equivalent to distance per time) 

has dimensions I of length and — 1 of time. The dimensional equation is 
then written 

[v] == ZA.T-K 

Similarly, density will have units and so on. 

When we come to electrical units it is necessary to introduce symbolism 
for the permeability of the medium concerned ; and for the unit of dielec¬ 
tric constant. These are denoted by and A:, respectively. (We are 
only concerned here with the electromagnetic system.) 

We commence with the dimensional equation for the force between two 
magnetic poles. This is— 

_ [ffl]■ [wi] 
fi.L^ * 

so that the dimensions of magnetic pole are— 

[m] 

From this we obtain, via the relation between current and magnetic field, 
the dimensions of current as— 


capacitance 


[i] = 

and hence for quantity (since q = t,^) the dimensions are 

It follows immediately that the dimensions of electromotive force (given 

by rate of working divided by current) are 

Then, since capacitance, c, is given by the relation 

_ quantity 

EMF 

the dimensions of c are 

Finally, for inductance, /, since emf = — l~ the dimensions of I 

ri 

are 

We are thus led to the important conclusion that the dimensions of 
the quantity expressed by ~ consist of - 1 in time only. 
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The whole of the above argument applies irrespective of the scale of 
the units employed. Provided a consistent system is used the same result 

1 1 

obtains. Thus —and hence -r-, has the dimensions of for 

Vic 271 Vic 

absolute electromagnetic or practical units. 
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References in bold type, thus 92, < 
Items concerned will, in general, be 

Admittance, 77 
Aerial coupling circuit, 91 
Aerial feeder, 334 
Aerial matching, 334 
Aerial power, 112 

Aerial radiation resistance, 113 
Aerial tails, 335 
Aerials, 107 
dipole, 110 
receiving, 115 
television, 110 
transmitting, 107 
AF amplification, 133 
AF chokes, 38 
Amplification factor, 123 
Amplifiers, 175 
Amplitude modulation, 9 
Analysis of output transformer, 188 
Anode bend detector, 156 
Appleton layer, 102 
AVC, 164, 282 

Band-pass filter, 86 
Battery receivers, 249 

Beat.frequency oscillator, 330 
Bel, 6 

Beverage aerial, 118 
Broadcast transmitters, 328 

Capacitance, 41 
Chokes, 38 
Circuit noise, 247 
Class B operation, 195 
Class B RF amplifiers, 312 
Class C modulated amplifiers, 307 
Class C RF amplification, 303 
Colpitt’s circuit, 204 
Communications receivers, 290 
Condenser microphone, 319 
Condensers, 41 
behaviour, 40 
in parallel. 43 
in series, 45 
uses, 53 
variable, 44 


ire to the commencement of sections, 
found on succeeding pages also. 

Contrast expansion, 227 
Corner-hom speakers, 214 
Coupled circuits, 82 
Coupling, 53. 82 
Crystal microphone, 321 
Crystal phasing, 290 
Crystals, 301 

Cumulative grid detector, 157 
Current feedback, 223 
C\V transmitters, 300 

Decided, 6 
Decouplings 58 
Decrement, 81 
Delayed AVC, 283 
Dielectric, 42 
Dimensions, 352 
Diode-applications, 147 
characteristics, 122 

Dipole aerial. 110 
Discriminator, 16, 288 
DjTiamic resistance, 77 
Dynatron oscillator, 267 

Emitdon camera, 17 

Fading, 1o2 
Farad. 42 
Feedback. 215 

Field strength calculation. 111 
FiAI receivers, 15, 291 
FM transmitters, 338 
Fourier annlj'sis, 5, 342 
Frame aerials, 117 
Frequency changers. 271 
Frequency distortion. 75 
Frequency modulation, 11 

OiUD bias circuits. 60 
Orid iiuululation. 312 
Crouiul ray. 101 

Hautlev circuit. 263 
Ueising modulation. 310 

Uorn-Ioadetl moving-coil loudsiieaker, 
212 * 
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Hum-bucking coil, 160 
Hysteresis, 37, 346 

IF amplification, 263 
Image interference, 282 
Impedance, 70 
Incremental permeability, 39 
Inductance, 20 
of solenoids, 21 
units, 21 

Instability in RF amplifiers, 233 
Intermediate frequency, 14 
Internal valve resistance, 125 
In verted-V aerial, 118 
Ionized layers, 102 
Ionosphere, 101 
Iron-cored coils, 36 

^'-NOTATION, 29 

Kennelly-Heaviside layer, 102 

Leakage inductance, 89 
Load lines, 187 
Logarithmic decrement, 81 
Long-wave transmission, 104 
Loudspeakers : 
hom-loaded, 200 
moving-coil, 201 
moving-iron, 200 

Magnetic flux, 82 
Mains receivers, 252 

Medium-wave transmission, 104 
Microfarad, 42 
Microphones, 313 
Miller effect, 127, 167 
Misalignment, 279 
Mistuning effect, 94 
Mixed coupling, 85 
Modulation, 9, 310 
Amplitude, 9 
frequency, 11 
grid, 312 
Heising, 310 
series, 311 

Moving-coil loudspeaker, 201 
Moving-coil microphone, 318 
Moving-iron loudspeaker, 200 
Multi-electrode valves, 127, 184 


Multi-vibrator, 270 
Mutual inductance, 82 

Nature of wireless waves, 1 
Negative feedback, 215 
Neutmlized RF amplification, 234 

Output stage, 175 

Output transformer analysis, 188 

Parallel-tuned circuit, 75 
wave-range of, 96 
Permeability, 36 
Permeability timing, 73 
Phase corrector, 214 
Phon, 7 
Pitch, 3 

Polar diagrams, 106 
Power, 30 

Power factor, 32, 52 
Proximity effect, 33 
Push-pull operation, 192 

<?, 35 

Quenched gap, 300 

Radio telephone transmitters, 335 
Rate of working-inductive circuit, 30 
capacitive circuit, 51 
RC coupled amplifier, 139 
RC oscillator, 268 
Reaction, 171 
Receivers, 13, 249, 283 
communications, 290 
FM, 15 

television, 294 
Receiving aerials, 115 
Receiving valves, 121 
Reinartz circuit, 263 
Reisz microphone, 316 
Resonance, 71 
Resonance curves, 73 
Resonant circuit analysis, 68 
RF amplification, 230 
RF chokes, 38, 98 
RF transformer coupling, 238 
Rhombic aerial, 118 
Ribbon microphone, 322 
Root Mean Square values, 32 
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Scale distortion, 9 
Scrambling, 336 
Screening, 38 

Second channel interference, 282 
Second harmonic distortion, 182 
Selectivity, 81, 95 
Selectivity factor, 266 
Self-inductance, 20 
Sensitivity, 78 
Series modulation, 311 
Series-tuned circuit, 76 
Short-wave transmission, 106 
Short-wave transmitters, 332 
Shot effect, 248 
Sideband cutting, 76 
Sidebands, 10 

Simple harmonic motion, 2, 341 
Skin effect, 32 
Skip distance, 102 
Sky ray, 101 
Smoothing, 69 
Solenoids-inductance, 21 
Sound-physiological aspects, 3 
Space charge, 122 
Spectrum of electromagnetic 
vibrations, 3 
Stage gain, 131 
Straight receivers, 13, 249 
Superheterodyne firequency 
changers, 271 

Superheterodyne receivers, 14. 283 
Superheterodyne tracking, 274 


Telegraphy transmitters, 305 
Telephones, 199 
Television, 16 
receivers, 294 
transmitters, 336 
Three-point tracking, 276 
Threshold of hearing, 5 
Time bases, 18, 172 
Tone, 3 

Tone control sj'stems, 61 
Tracking, 274 
Transformers, 85 
Transmitters, 12, 299, 328 
Transmitting valves, 122 
TRF receivers, 262 
Triode, 123, 230 
Triode oscillator analysis, 265 
Tropospheric bending, 101 

Valve transmitters, 300 
Valves, 120 

amplification factor, 123 
internal resistance, 126 
Variable condensers, 44 
Variable-mu valves, 246 
Variable selectivity, 260 
Velocity microphone, 323 
Vision frequency amplifiers, 172 
Voltage feedback, 216 
Voltage gain, 93 

Wattless current, 32 
Wireless waves, nature, 1 
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